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35 U.S.C §112 First Paragraph Rejections 

POSSESSION OF THE BROAD GENUS OF THE MODULATORS OR AGENTS 

The Examiner rejected claims 2, 5, 6, 12, 14, 16, 26, 29, 30, 
36, 38, 40, 49, 52, 53, 59, 61, 63, 105, 118, 131, 144-155, 
158-169 and 172-188 as failing to comply with the written 
description requirement. The Examiner alleged that the claims 
contain subject matter which was not described in the 
specification in such a way as to reasonably convey to one 
skilled in the relevant art that the inventors at the time the 
application was filed has possession of the claimed invention. 

The Examiner stated that the specification only describes the 
structure of a nucleic acid encoding bacteriocin release 
factor. The Examiner asserted that the specification does not 
teach the structure of any other secondary effector molecule 
except bacteriocin release factor BRP . 

The Examiner stated that in analyzing whether the written 
description requirement is met for genus claims, it is first 
determined whether a representative number of species have 
been described by their complete structure. The Examiner 
stated when the claims are analyzed in light of the 
specification, instant invention encompasses genus of nucleic 
acid encoding any secondary effector molecule. However, the 
Examiner stated that the specification only describes the 
structure of a nucleic acid encoding bacteriocin release 
factor. The Examiner stated while the specification discloses 
that the secondary effector molecule could be any molecule, 
the specification does not teach the structure of any other 
secondary effector molecule except bacteriocin release factor 
BRP. 
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The Examiner additionally stated that the claimed invention 
encompasses any nucleic acid encoding any angiogenic factor 
from any animal. The Examiner stated while the specification 
provides a laundary [sic; laundry] list of the anti-angiogenic 
factors in pages 5-8, it does not teach the structure of the 
anti-angiogenic factors from a representative number of 
animals . 

The Examiner stated that then it is determined whether a 
representative number of species have been sufficiently 
described by other relevant identifying characteristics (i.e. 
other than nucleotide sequence) , specific features and 
functional attributes that would distinguish different members 
of the claimed genus. The Examiner stated that in the instant 
case, the only other identifying characteristic is that the 
secondary effector molecule will provide additional 
therapeutic value and/or facilitate the release of the 
contents of the modified bacterial vector (see page 41) . The 
Examiner stated however, the specification does not disclose 
any identifying characteristic as to how an artisan would have 
differentiated different members of the claimed genus. The 
specification dislxoses [sic; discloses] that the secondary 
effector molecule is proteinaceous or nucleic acid molecule, 
however the specification does not teach any characteristics 
of the proteins and nucleic acid encompassed by the claimed 
genus. Regarding the anti-angiogenic factors, the Examiner 
stated that the specification does not provide any description 
as to what were the identifying characteristics of the nucleic 
acids encoding the anti-angiogenic factors of different 
animals that would be representative of genus animals which is 
a large genus which would have subgenuses . 

The Examiner stated that accordingly, this limited information 
is not deemed sufficient to reasonably convey to one slcilled 
in the art that the applicant is in possession of the broad 
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genus of the modulators or agents at the time the application 
was filed. Thus it is concluded that the written description 
requirement is not satisfied for the claimed genus. 

In response. Applicants respectfully traverse the above ground 
of rejection. Applicants maintain that the written description 
requirements have been fulfilled. Applicants further maintain 
that to an ordinary skilled artisan. Applicants have provided 
written description which shows the possession of the claimed 
invention i.e. broad genus of the modulators and agents. 

Applicants have designated a specific section describing the 
Secondary Effectors. See beginning bottom of page 41 to 47 of 
the specification. A general description of the 
characteristics of the Secondary Effectors is provided. See 
Page 41, first paragraph. More concrete examples are depicted 
in the text following the general description. For instance, 
"Antisense nucleotides" are described on page 41, beginning 
line 25; "Pro-drug converting enzyme" are described on page 43 
being line 7 and "Inhibitor of Inducible Nitric Oxide Synthase 
(NOS) on page 43, line 24 to 28, specification. 

Regarding the anti-angiogenic factor, applicants provide 
sufficient description to show the possession of said claimed 
invention. Section 14 entitles "EXPRESSION OF ANTI-ANGIOGENIC 
FACTORS..." page 84-87, line 22-24 Specification. Construction 
of a plasmid containing the nucleic acid sequence encoding 
thrombospondin AHR are described in the specification, 
beginning page 84, line 29 to page 85, line 17. Construction 
of a plasmid containing the nucleic acid sequence encoding 
platelet factor-4 peptide is described on page 85 of the 
Specification. Construction of a plasmid containing the 
nucleic acid sequence encoding apomigren is described on page 
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86. In addition, as summarized clearly in the background of 
the invention, page 5, section 2.5, specification, anti- 
angiogenic factors were known at the time of the invention. 
Applicants' claimed invention is expressing these factors in 
the tumor- targeted bacteria, not the factors themselves. 

Accordingly, in view of the forgoing. Applicants maintain the 
written requirements have been fulfilled and respectfully 
request the reconsideration and withdrawal of this ground of 
re j ect ion . 

ENABLING REQUIREMENTS 

The Examiner rejected claims 2, 5, 6, 12, 14, 16, 105, and 
144-155 under 35 U.S.C. §112, first paragraph, because the 
specification, while being enabling for an attenuated 
Salmonella typhimurium wherein said attenuated Salmonella 
comprises a first nucleic acid encoding a primary effector 
molecule is endostatin and a second nucleic acid encoding a 
secondary effector molecule wherein said secondary effector 
molecule is BRP, does not reasonably provide enablement for 
any attenuated tumor targeted bacteria comprising any number 
of nucleic acids encoding any number of primary effector 
molecules and any number of secondary effector molecules. The 
Examiner stated that the specification does not enable any 
person skilled in the art to which it pertains, or with which 
it is most nearly connected, to make and use the invention 
commensurate in scope with these claims. 

The Examiner further rejected claims 26, 29, 30, 36, 38, 40, 
118 and 158-169 and claims 49, 52, 53, 59, 61, 63, 131 and 
172-188 as failing to comply with the enablement requirement. 
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The Examiner stated that the invention of claims 
2,5,6,12,14,16,105, and 144-155 recites an attenuated tumor 
targeted bacteria that comprises one or more nucleic acid 
molecules encoding one or more primary effector molecules 
and one or more secondary effector molecules operable linked 
to one or more promoters, wherein said attenuated bacteria 
is a facultative aerobe or facultative anaerobe. Dependant 
claims recite a list of anti-angiogenic factors. Claims 26, 
29, 30, 36, 38, 40, 118, and 158-169 recite a pharmaceutical 
composition whereas claims 49, 52, 53, 59, 61, 63, 131 and 
172-188 recite a method of targeted delivery to tumor. 

Attenuated Tumor Targeted Bacteria 

The Examiner stated that the specification as filed is not 
enabling for the claimed invention commensurate with the 
scope of the claims because the specification does not 
sufficient guidance to make any attenuated bacteria 
comprising any number of nucleic acids encoding any number 
of primary and secondary effector molecules, treatment of a 
tumor with the bacteria and targeted delivery of the 
bacteria to a tumor. The Examiner stated that an artisan of 
skill would have required undue experimentation to make and 
use the claimed invention commensurate with the full scope 
of the claims because the art of targeted delivery of gene 
and treatment of a tumor using attenuated bacteria was 
unpredictable and was not routine in the art. 

The Examiner stated that the specification on page 10 
discloses that the genetically engineered Salmonella, has 
been demonstrated to be capable of tumor targeting, 
possesses anti-tumor activity and are useful in delivering 
effector genes such as HSV TK to solid tumors (see lines 1- 
4) . The specification, on page 31-32 also, discusses 
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Salmonella and its mutant as vectors. The specification 
does not teach any other bacteria as vectors for delivery of 
effector molecules. The Examiner stated that Dietrich et al 
(Antisense & Nucleic Acid Drug Development 10:391-399, 2000) 
reviewed the state of the art bacterial system for the 
delivery of eukaryotic antigen expression vectors and noted 
that the four bacteria used as delivery systems were 
Salmonella typhimurium, Shigella flexmeri, E,coll and 
Listeria monocytogenes. Of these only Salmonella, Shigella 
and Listeria have been used in vivo in mice or rat and none 
of the bacteria have been used in humans (see table 1) . The 
Examiner stated that additionally, none of these were used 
for tumor targeted delivery, rather they were used 
vaccination. The Examiner stated that this clearly shows 
that at the time of the invention tumor targeted delivery of 
effector molecule in vivo in any animal, including humans 
was not routine and in the absence of teaching in the art of 
record, the specification has to teach making and using of 
any attenuated bacteria for effector molecule delivery in 
any animal including humans. The Examiner stated that the 
specification fails to provide enabling disclosure for the 
claimed invention. The Examiner stated that the method of 
producing an attenuated bacterium for in vivo delivery of 
effector molecules was unpredictable at the time of the 
invention because a rational approach to design a live 
attenuated bacterial vaccine involves genetic modification 
of the bacterial pathogen to make the pathogen less virulent 
while maintaining the stability of protective antigen 
expression that provides immune protection. The Examiner 
stated that the attenuation should be an inherent property 
of the bacterial vaccine and not be dependant on fully host 
defenses and immune response capabilities (Curtiss R. J. 
Clin. Invest. 110 (8) : 1061-1066, 2002). The Examiner stated 
the attenuation of a bacterium requires the modification of 
a specific bacterial gene that render the bacterial strain 
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non- virulent . The Examiner stated that for example, 
inactivation of PhoP/phoq regulatory system in S. typhi 
results in strains, which are suitable attenuated for uses 
as vaccines. The Examiner further alleged that the 
development of live attenuated bacterial vaccine has not 
been always predictable. The Examiner stated for example, 
development of a live attenuated Shigella vaccine that is 
sufficiently attenuated to be a non-reactive yet adequately 
invasive to be highly immunogenic took 3 0 years in making, 
since it required substantial understanding of molecular 
genetic basis of virulence of Shigella. (Curtiss page 1063, 
col. 2). The Examiner stated that the specification fails to 
disclose what are the bacterial regulatory systems in these 
bacteria, mutation of which would result in the making of a 
live attenuated bacterial strain that would provide protect 
a mammal against any specific bacterial infection. The 
Examiner stated that the specification does not provide any 
guidance to make any attenuated bacteria for tumor targeted 
delivery. The Examiner stated that it is emphasized that 
the art of record while teaches attenuated Shigella and 
Salmonella for vaccination, does not teach making attenuated 
bacteria for tumor targeting. 

In response, Applicants respectfully traverse the above ground 
of rejection. Applicants maintain that the claimed invention 
has been fully enabled by the claimed invention. Applicants 
would like to point out that the vaccine studies are 
irrelevant to the applicants' claimed invention. 

The requirements for vaccine vectors are quite different from 
the tumor-targeted vectors of the claimed invention. Vaccine 
vectors: (1) are intended to elicit an immune response so the 
bacterial vaccine must be immunogenic; and (2) must not be 
capable of excessive growth in vivo. Vaccine vectors, in many 
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cases, contain plasmid DNA encoding the immunogen (or antigen) 
dr iven by an eukairyotic piromotez*. The vaccine vectors, after 
being administered to the mammals, have to be lysed in order 
to release the plasmid DNA, which has to be subsequently taken 
by mammalian cells in order to produce the immunogen. The 
Examiner is correct that the process of plasmid transfer from 
bacteria to mammalian cells is inefficient and unpredictable. 
In contrast, tumor- targeted bacterial vectors use prokaryotic 
promoters to make effector molecules, such as ant i -angiogenic 
factors. The tumor- targeted bacteria, unlike the vaccine 
vectors, act as both DNA delivering vector and effector 
molecule producer and do not require the transfer of their DNA 
molecule to mammalian cells. 

Applicants' claimed invention can be used with any attenuated 
bacteria. As stated above, vaccine vectors are different from 
tumor-targeted vectors. Applicants want to point out the 
successful application of attenuated Salmonella in inhibiting 
tumor growth in mammals: (1) Einstein et al (Medical Oncology 
12, 103, 1995) used an AroA- auxotrophic mutant; (2) Pawelek 
et al (Cancer Res., 57:4537, 1997) used purine auxotrophic 
mutants; and (3) Luo et al . , (Oncol Res., 12:501, 2001), used 
a msbB-purl- mutant. A copy of these references is attached 
hereto as Exhibit A, B and C respectively. 

As recited hereinabove, the Examiner seems to contend that 
microorganisms other than Salmonella in the claimed invention 
are not enabled. This is not true. The specification provides 
sufficient teachings to enable one skilled in the art to make 
and practice the invention for microorganisms other than 
Salmonella, the teachings of the invention being exemplified 
using Salmonella as a model microorganism. 
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In support of this position, a Declaration by D. David 
Bermudes with attached Exhibits 1 and 2 ("the Bermudas 
Declaration"), one of the inventors of the present 
application, was submitted in U.S. Patent No. 6,685,935, 
issued February 3, 2004, U.S. Serial No. 09/358,052, filed 
July 21, 1999. The Bermudes Declaration, a copy of which is 
attached hereto as Exhibit D, demonstrates the use of non- 
Salmonella microorganisms as taught by the specification. 
Specifically, the Bermudes Declaration describes experiments 
that were conducted using the guidelines set forth in the 
specification, together with basic microbiology techniques 
known to those of skill in the art. See Bermudes Declaration 
at paragraphs 5, 7 and 8. The Bermudes Declaration clearly 
shows the in vivo tumor- target ing ability of non- Salmonella 
microorganisms as claimed, namely a gram-negative Shigella 
species and Listeria monocytogenes, a gram-positive species, 
and of a gram-positive Stjreptococcus species. See Bermudes 
Declaration at paragraph 7, Exhibit 1. These tumor-specific 
microorganisms, when administered to experimental mice with 
established melanoma tumors, inhibited tumor growth by 
approximately 40-65%, without any lethality due to the 
administration of the microorganisms. See Bermudes Declaration 
at paragraph 8, Exhibit 2. 

Dr. Bermudes has concluded: "it is my considered scientific 
opinion, that the use of the tumor- specif ic microorganisms, 
including but not limited to nan- Salmonella genera of 
microorganisms, for reducing volume or inhibiting growth of a 
tumor, can be practiced according to the methods described in 
the present specification by one of ordinary skill in the art 
without undue experimentation" . Bermudes Declaration at 
paragraph 9. Further, Dr. Bermudes affirms: "Based on the 
experiments described (in my declaration) , I conclude, and I 
believe one of ordinary skill in the. art would also conclude, 
that the teachings of the specification are applicable to non~ 
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Salmonella microorganisms. Therefore the specification 
provides sufficient guidance to identify tumor-specific non- 
Salmonella, microorganisms and to administer the tumor-specific 
non- Salmonella microorganisms to a subject to inhibit tumor 
growth or reduce tumor volume. Accordingly, I conclude, and I 
believe one of ordinary skill in the art would also conclude, 
that the claimed invention can be practiced without undue 
experimentation by following the teachings of the 
specification". See Bermudes Declaration at paragraph 10. 
Thus, as stated in the Bermudes Declaration, at paragraphs 5 
and 9-10, the specification provides enablement for practicing 
the claimed invention. 

Other groups such as Yu, et al . (2004) discloses expression of 
genes in Escherichia coli and three attenuated pathogens: 
Vihrio cholerae. Salmonella typhimurium, and Listeria 
monocytogenes, all entered tumors and replicated. A copy of 
Yu, et al . , entitled "Visualization of tumors and metastases 
in live animals with bacteria and vaccinia virus encoding 
light-emitting proteins" Nature Biotechnology, 22:313-320 is 
attached hereto as Exhibit E. 

In addition, Szalay, Aladar A. (2003) discloses expression of 
endostatin in other bacteria. See particularly, paragraph 106. 
A copy of Szalay, Aladar A., entitled '"Light emitting 
microorganisms and cells for diagnosis and therapy of tumors" 
U.S. Patent Application No. 20030059400 is attached hereto as 
Exhibit F. 

The above post -filing experiments and publications show 
clearly that following the teachings provided by the 
applicants' specification, an ordinary skilled artisan can 
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practice the claimed invention in microorganisms other than 
Salmonella. . 

Accordingly, in view of the forgoing. Applicants maintain that 
the claimed invention has been fully enabled by the filed 
disclosure and respectfully request the reconsideration and 
withdrawal of this ground of rejection. 

Anti- angiogenic proteins 

The Examiner stated that additionally, claims invention recites 
nucleic acid encoding any ant i -angiogenic protein from any 
animal, however, neither the specification teaches structure of 
the nucleic acid encoding a representative number of factors 
nor does it teach how to make and use the nucleic acid and any 
attenuated bacteria comprising them. 

In response. Applicants respectfully traverse the above ground 
of rejection. Applicants maintain that the specification as 
filed has provided enough teachings to enable an ordinary 
skilled artisan to practice the invention. Structures of the 
nucleic acid encoding ant i -angiogenic protein are known at the 
time of the invention. See page 5, section 2.5 of the 
specification. Applicants have designated section 14 for the 
"EXPRESSION OF ANTI -ANGIOGENIC FACTORS BY ATTENUATED TUMOR- 
TARGETED SALMONELLA" beginning page 84, line 22, 
Specification. Construction of a plasmid containing the 
nucleic acid sequence encoding thrombospondin AHR (one of the 
Anti -angiogenic protein) are described, page 84, line 29 to 
page 85, line 17. Construction of a plasmid containing the 
nucleic acid sequence encoding platelet factor-4 (another 
example of the anti -angiogenic protein) peptide is described 
on page 85. Construction of a plasmid containing the nucleic 
acid sequence encoding apomigren (a further example of the 
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ant i -angiogenic protein) is described on page 86 and anti- 
angiogenic peptides produced by Salmonella inhibiting 
endothelial cell proliferation is described on page 87. 
Therefore, contrary to the Examiner's allegation, expression 
of ant i -angiogenic factors in microorganisms has been 
described and enabled in the applicants' disclosure. 
Accordingly, Applicants respectfully request the 

reconsideration and withdrawal of this ground of rejection. 

In vivo - Treatment of Tumor 

The Examiner stated that given the lack of guidance or 
direction provided by the instant specification into would 
have required undue experimentation to use the claimed 
attenuated bacteria for in vivo gene delivery and treatment of 
tumor in any animal including humans. It is emphasized that 
while there is evidence for vaccination using Salmonella or 
Sighella there is no evidence for targeted delivery of a 
nucleic acid encoding an anti -angiogenic protein in a tumor. 
For bacteria to function as DNA delivery systems into 
mammalian cells in general or in a human in particular, the 
bacteria must first enter the cell and then escape from the 
vacuole to the cytosol . Movement from the vacuole to the 
cytosol is unpredictable because in many instances the 
bacteria are lysed by the host cell's defense system and any 
plasmids carried by the bacteria are degraded preventing 
expression of heterologous nucleotide sequences. The Examiner 
stated that at best it would appear that only a few calls, if 
any may be transformed with plasmid DNA carried by a bacterial 
vehicle as Grillot-Courvalin (Nature Biotechnology, 
1998,16:862-866) suggest that "direct introduction of DNA from 
bacteria to mammalian cells has been reported in very few 
instances". See page 865, stating with the first line of the 
discussion. The Examiner stated that Grillot-Courvalin 

support such observations by reporting that ''factors such as 
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entry route may have an effect" on DNA delivery. The Examiner 
stated that Grillot -Courval in go on to report that a mouse 
dendritic cell line, which can internalize bacteria via 
micropinocytosis , did not express incoming DNA at 24 hours 
post-transfer. The Examiner stated that Grillot-Courvalin 
suggests that this failure could reflect rapid degradation of 
the invading bacteria by this cell type. The Examiner stated 
that it would appear that use of bacteria as DNA delivery 
vehicles is not very efficient in other cell lines as well as 
Grillot-Courvalin have reported that E.coli carrying a 
nucleotide sequence encoding the green florescent protein are 
only able to transform 0.3-1% of transfected macrophage cell 
line. These observations are corroborated by Dietrich et al 
(Nature Biotechnology , 1998 , 16 : 181-185) who report that only 
about 0.03% of macrophages infected with a mutated form of 
Listeria monocytogenes express a green fluorescent protein 
reporter gene. The Examiner stated that Dietrich et al also 
suggest that expression of a heterologous nucleotide sequence 
is not stable over time by observing a gradual loss of 
florescence over time. The Examiner stated that Dietrich 
report that the low efficiency of expression of GFP as 
compared to the number of macrophages infected may be due to 
the fact that "only some of the attenuated bacteria infecting 
the host cells survive the antimicrobacterial milieu inside 
the phagosome and are able to escape into the host cell 
cytosol, whereas the others are totally digested, including 
the plasmid DNA and that not all listeriae being taken up 
reach the host cell cytosol as an intact viable entity, but 
the plasmid DNA is still released into this compartment." 

In response, Applicants respectfully traverse the above ground 
of rejection. The Examiner is corrected that DNA transfer from 
bacteria to mammalian cells is very inefficient and 
unpredictable. Applicants would like to point out that the 
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instant invention, using tumor- targeted bacteria for cancer 
treatment, does not involve DNA transfer between bacterial 
vectors and mammalian cells. Every bacterium contains the gene 
of interest and produces the said protein product by the 
bacteria . 

Accordingly, in view of the forgoing. Applicants respectfully 
request the reconsideration and withdrawal of this ground of 
re j ect ion . 

Route of Administration 

The Examiner stated that claimed invention encompasses 
delivery by administering the bacteria any route, however, it 
is not routine in the art to administer the bacteria by any 
route. The Examiner stated that while the art administration 
by oral route, the issues of unpredictability regarding 
stability and antigen expression at a level sufficient to 
induce an immune response abound. The Examiner stated that a 
general issue of unpredictability of oral vaccines is the poor 
immunogenicity displayed by most antigens when given orally. 
See Pascual et al (Behring Inst. Mitt., 1997, 98:143-152) on 
page 143. The Examiner stated that Pascual et al report that 
there are several issues compounding the development of live 
oral bacterial vaccine vectors, including the fact that there 
is a "lack of a well tolerated, highly immunogenic bacterial 
vector for use in humans." The Examiner stated that while the 
instantly claimed invention is not directed to vaccination and 
is directed to tumor directed delivery, the issues of 
unpredictability discussed above will be applicable in the 
instant case . 



In response. Applicants respectfully traverse the above ground 
of rejection. Applicants would reiterate that vaccine studies 
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are different from the claimed invention. See supra. 
Therefore, the teaching of vaccine studies is irrelevant. 

Applicants maintain that different routes of administration 
have been enabled by the filed specification. Following the 
teaching of the applicants' disclosure. Salmonella carrying a 
heterologous cytosine deaminase gene (TAPET-CD) has been 
successful used to deliver and to express the enzyme in 
tumors. Using the route of intravenous administration, King et 
al . , Human Gene Therapy 13:1255, 2 002, showed that cytosine 
deaminase was expressed in tumors in mice receiving TAPET-CD. 
A copy of the King et al . , (2002) is attached hereto as 
Exhibit G. In a human clinical trial, cytosine deaminase 
enzymatic activity was detected in tumors intralesionally 
injected with TAPET-CD, Nemunaitis et al . , 10:737, 2003, a 
copy of which is attached as Exhibit H. 



Accordingly, in view of the forgoing. Applicants respectfully 
request the reconsideration and withdrawal of this ground of 
re j ect ion . 



* 
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CONCLUSION 

Applicants believe that all grounds of objections and 
rejections raised in the outstanding Office Action have been 
fully addressed. Accordingly, Applicants respectfully request 
the reconsideration and withdrawal of these grounds of 
objections and rejections and respectfully request favorable 
action to be rendered by the Examiner. 

If a telephone interview would be of assistance in advancing 
prosecution of the siibject application. Applicants' undersigned 
attorney invites the Examiner to telephone him at the number 
provided below. 

No fee is deemed necessary in connection with the filing of this 
Communication. However, if any additional fee is required, 
authorization is hereby given to charge the amount of any such fee 
to Deposit Account No. 50-1891. 



Respectfully submitted. 



I hereby certify that this paper is being 
deposited this date with the U.S. Postal 
Service with sufficient postage for first 
class mail in an envelope addressed to: 
Assistant Commissioner for Patents , 
Washington, D.C. 20231. 



Albert Wai-Kit Chan 
Registration No. 36,479 
Attorney for Applicants 
Law Offices of 
Albert Wai-Kit Chan, LLC 
World Plaza, Suite 604 
141-07 2 0''^ Avenue 
Whitestone, New York 11357 
Tel: (718) 357-8836 
Fax: (718) 357-8615 
e-mail : kitchanlaw@aol . com 
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An attenuated strain of Salmonella typhimurium, SL323S, developed as a prototypic typhoid vac- 
cine, is shoTvn to retard growth of a murine plasmacytoma, TEPC-183, and to prolong survival of 
tumor-^Ting mice. Uyc salmonella, but not acetone4dUed oiganfems. had antitumor activi^. 
The immunothcrapcutic effect was demonstrable when the tumor was injected mtraleslonally or 
mtraperitoneally^ Increased survival, longer mean time to deadi, and retardation of tumor growth 
were found when the sahnoneOa were gwen intralesionaUy as Ute as the rfxtit day fM>st-tuinor 
Injection. Tnxung of salmonella Inoculation, as weU as the salmonella dose, had an effect on 
treatment efficacy. Injection of sahnonella intraperitoneally exerted a strong antitumor eflfect when 
given as late as the third day post-tumor inoculation. The h^hest dose (Z x id*) of sahnonella Was 
less effective than doses 10- or lOO-ft^d lower. TEPC-183 plasmacytoma is rapidly growmg and 
highly nnmunosuppressive, so the ability of tiic salmonella to exert ti\erapeutic arthdty against it is 
a mejisure of the poterwcy of the vacdne. These observatioris are of hiteie^ 
geneticaUy engineered, avirulent strain of Salmonella has hnnumotiierapeuHc properties dmilar to 
those of BCG and other biological response modihers, and migjit have dinical potential as an 
antitumor agent . 

Keywords: salmonella; plasmacytoma; biological respotue modifier; immunoOterapy i 



INTRODUCTION 

Murine plasmacytomas have been extensively stu- 
died as models of tumor-mduced humoral im- 
mune suppression. TEPC-183, a murine plasma- 
cytoma (igM), grows rapidly, suppresses produc- 
tion of normal immunoglobulins as well as im- 
mune resporises to T-dependent .and T- 
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independent antigerts [1-3], and sensitizes mkse 
to infection (4]. The fact that these tumors ate 
profoundly immunosuppressive may account, in 
part for their rapid growth. 

We have shown that a live, attenuated strain of 
Sahnonella typhbnmium, SL3235, is a potent activa- 
tor of macrophages. When given as a vacdnev it 
induces tumoriddal macrophages in C3HeB/FeJ 
mice [5], as well as in mouse straiiis with genetic 
defects in macrophage activation, C3H(He} [5] and 
P/J 161. For example, C3H/HeJ mice do not acquire 
tumoricidal macrophages in response to vaccina* 
tion with live badllus Calmette-Gu«rin (BCG) [7], 
but we have shown that attenuated sahnondla 
induces such activation [5]. Further, macrophages 
taken from salmonella-vacdnated mice are also 
xnicrobiddal, as shown by their capacity to retard 
growth of Ld^muam major in mho (5]. Mice 

07364niS © 19^ Chapman & Hall 
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immunized with SL3235 are xesistant to challenge 
witii Listeria monocytogenes feom days 3 to 21 post- 
vacxnnatton^ whidi provides indaiect evidence for 
induction of activated macrophages [8]. Addi- 
tional dizect evidence of activation is that macro- 
phage-ridi fractions of immune mouse spleens 
transfer anti-salmonella resistance p]. The macro- 
phage-activating properties of live SL3235 cannot 
be attributed solely to their endotoxin content, as 
acetone-killed cells (AKQ of salmonella are not 
effective in inducing tumoriddal macrophages m 
C3H/HeJ mice, but can prime fliem to tumoriddal 
activity after exposure to treatment with interfer- 
on-gamma in vitro [5J, 

Biological response modifiers (BSMs) have had 
beneficial effects in treatment of some cancers. A 
mixed bacterial vaccine containing gram-negative 
Serratia numxscens and Streptococcus pyogenes was 
one of the first BRMs used in the treatment of 
cancer and has been shown in a recent diiucal 
study to enhance the immxme responses of term- 
inally ill patients [9,10], BCG has been extensively 
stuxlied as a .BRM and maarophage-activating 
agent, and has been used as an immunotherapeu- 
tic agent in treatuig cancer [Il-ITJ. In the studies 
reported in itus paper, we have used the attenu- 
ated strain of 5, /y;;^*miirrttminamannersiini]arto 
that of BCG, to test its capadty to retard tumor 
growth in vivo, siiKe ttie salmonella were shown 
to be more poterU: than BCG in inducing tumor- 
iddal macrophages ^ OHffleJ inice. The neo- 
plastic system chosen,; tiie subcutaneous growtii 
of a rnurine plasmacytoma, TEPC-183, was orte 
&at has been extensively studted [1-3]. When 
injected subcutaneoxidy into syngeneic BALB/c 
mice, it rarely invades suzrotmding tissue, even 
when tumors reach up to 10-12 cm^ at the base, 
and there is no firm evidence of metastases. It kills 
mice by its massive size at the injection site, ft 
never regresses spontaneously [1-3,18]. Our data 
show that SL3235 is able to retard growth of the 
tumor and to increase the suurvxval of tumor-bear- 
ing mice when given therapeuticaEy and at a site 
distant from the tumor. Non-viable salmonella 
were not efiiective as an immunottierapeutic 
agent. 

MATERIALS AND METHODS 
Mice 

Bight- to lO-week-old BALB/cAnlcR (BALB/c) mice 
of both sexes were obtained from the Institute for 
Cancer Researdi (E^adelphia, Pa.), They were 
fed od iibtfom with I^irina motise diow. 

Plasmacytoma 

TEPC-1S3, a murine IgiM-produdng plasmacjrto- 
ma, was kindly ^q)plied by Dr ZoDa-Pazner [19] 
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(NYU Medical College). Tumors were maintained 
by serial transfer [1]. After removal, tihe solid 
tinnor CIEPC-183 ^^Ik)) was placed in chilled 
Hanks' sohilion/ cut into small pieces, and genfly 
pressed ttuoug^ a plastic screen onto a Petri dish 
containiiig Hanks' solution, pH 7.4 (Grand Island 
Biok>gk:al Laboratories, Grand Island, NY). The 

suspension was then filtered thmug^ i^Ion medv 
washed once, and resuspeiuled in chilled Hanks' 
solution. An aliquot of the tumor cell suspension 
was diluted 1: 10 in 0. 1% Trypan Blue, counted in a 
hemocytometer, and the vohune adjusted to'ooiv- 
tain l(r viable cells in 0.5 ml for intraperitoneal 
(i,p,) or subcutaneous (s,e) injection* The s,c, 
injection was administered intrascsqmlazty . Tumor 
size was measured by a series of calibrated rln^. 

Salmonella 

S. tjfphimuritim, strain SL3235, is an aroA' mutant 
derived by transduction using a TnlO facansposon 
by Hoiselh and Stocker [20] and kindly supplied 

by Dr Stocker. The omA' lesion rendered the strain 
avirulent and nonrevertxng. It has been used ex- 
tensively in our laboratory for studies on sahno- 
ndla immunity [8,21-24]. 

For injection of live sabnonelkc lyophils woe 
rehydrated with braixi-heart infusion broth and 
plated on tiyptkrase soy agar. Brain heart infusion 
bmtfa (10 ml) was inoculated with five colonies 
from the blood agar plate and incubated for 4 h at 
37^C. A 5-ml sample of diis log-phase culture was 
ttien transferred to 50 ml of brain heart infusion 
broth and incubated for an additiorud 2 h at 3^X2 
wi6i shakir\g. The culture was placed on ice, the 
number of organisms was estimated by counting 
in a Petroff-Hauser chamber, and dilutions were 
made in saline to achieve the desired coitcentca- 
tion. The exact number of S. typhimurium injected 
was detmrdned by duplicate plate counts. Salmo-^. 
nella were injected inbaperitoneaDy or intra- 
lestonaBy in a vdume of 0.5 ml. 

Acetone4dDed and dried SL3235 were p r e pa red 
by standard procedures [25]. 

Statistical analysis 

Differences in tumor sizes among treated and 
experimental gnnqps were assessed by Student's 
f-feest. DifiFerenoes in survival among groups were 
assessed by Fisher's Exact test for 2 X 2 tables (26). 
Differences in mean time to death (MTD) were 
assessed by the Mann and Whitney modification 
of die Wilcoxon rank order test [27]. Values for aD 
tests were taken as significant at p < 0.05. 

RESULTS 

Table 1 shows Ouit 2 x 10? SL3235 given intraper- 
itoneally 30 min post-subcutaneous inoculation of 
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Tumor size (cm^) 




MTD 
(range) 


Treatment 


Day 12 


Day 14 


Saline" 

2 X 10« SL3235* 

a «*s 


3.67 ± 15 
± OStS^ 


7,8 ± 1^ 
3.17 ± 0-86^ 


laa 

(17-19) 
(17-^) 



grvup wore mjecisa wim 1 A x i(r i bto^iss cells subcutaneously in the intrascapular region, "nilrty m 
post-tumor injecdon on© group received 2 x 10^ SL3235 intraperitonealty and the other group received sterile saOiw 
'*p< 0.001 versus saline. 
^ p < 0.05 versus saline. 
MTD «* mean time to death. 



TEPC-183 retarded tumor growdi (0,83 cm^ in 
treated verstts 3.67 cm^ in oontxob at day 12, 
p < 0.001) and prolonged mean Hm^ to death 
{253 days versus 1B.2 days, p < 0,05). To simulate 
more closely a dinural jritoaj^^ the 
therapy wotdd be administered after the tumor 
reached a palpable mass, the effect of delaying the 
time of injection of SL32^ was evaluated, and the 



vaccine was given xntralesionally (Table 2^. The 
results presented show that when SL3235 was 
given as late as the sixdi day post-tumor inocula- 
tion, the attenuated salmondia were able to retard 
tumor growth signi6candy and prolong mean time 
to deaOi (p < 0.01). When therapy was adminis- 
tered on die eigjtitii dssy post-tinnor, it was less 
effective, aldioug^ it still had a significant ^fect on 



Table 2. Effect of therapeutic injecdon of S, typhnnunum S1.3235 given intralestonally 



Day post-tumor inoculation 



Survlvors/kotaf^ 



Treatmenlf 


Days Day 8 


Tumor see" 
(cm*) 


mo 

(range) 


Day 27 . 


Day33 


Group 1 


— Saline 


5.0 ± 1.26 


17.4 


0/8 










(15-20) 




Group II 


SL3235 


2.6 ± 1,28** 


30.2** 


7/8* - 


1/8 


Group III 






(15-^ 




SL3235 


3.75 ± 0.46' 


22.4' 


1/8 










(17-27) 





* Twenty-four mice ware bijected with 1.5 y 10" TEPC-183 subcutaneously and dMddd Into three groups of ^ght mice each. 
Groups 11 and Ul receh/ed 2x10^ SL3235 intraie^onally on days 6 or 8, respectively^ and Group I received saline. 

Measurements taken on day 16 post-tumor inoculation. 
^ On day 27 post-tumor inoculatton. 
P < 0.01 versus soiine. 

* p < 0.001 versus saline. 
' p < 0.05 versus saline. 
MTD - mean time to death. 

Table 3. Comparison of efHcacy of intraleslonal versus Intraperitoneal injection of 1.5 x 10^ SL3235 



Survfvom/lotal 



Groups 


Treatment* 


MTD 
(range) 


Day 22 


Day 36 


Tumor size 
(cm'^day 22) 


1 


SL3235, 1.1. 


26.4 


4/8 


0/8 


5.8 ± 0.84 






(19-34) 






W 


Saline, i.L 


24.3 


3/8 


1/8 


7,0 ± 1,41 






(18^) 








III 


SL3235. i.p. 


3a6 


11/13 


S/13 


4.2 ± 1.53^ 






(1&-49) 






rv 


Saline, l.p. 


23.2 


5/7 


TP 


6.8 ± 2.95 






(1846) 







* Mice were iniected vVlth 13 x 10" TEPC-183 cells as descrilwd. On day 7 posMumor Inoculation, {njections «vere dltl^ 
intraleslonal 0.1.) or intraperitoneal (t^i.) with saline (Groups II and IV) or with 1.5 x 10" St323S (Groups I and ID. 
"* p < 0.05 

MTO o mean tints to death. 
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Table Comparison of different doses of Ih/e and acetone^llad salmoneIJa 



Group" 


Tneatniftfit 




MID 
iran^ei 


% Survival 
day 33 


Tumor size 
(cm\ day 17) 


1 


Uve St323S 


2 >c 10^ 


29^** 


339G 


3^ ± 0^*» 


11 




2 X lOP 






Live SL3235 




60% 


3-03 ± l.63*» 


in 










Live SL3235 


2 X 10* 


36.4** 


67%* 


5.67 ± 1,03** 


IV 






(24-4$) 




AKCSL323S 


100 


216 


0% 


6.17 ± 1.17 








(18-26) 




V 


AKC SL3235 


50 |ig 


23.4 


33% 


6.20 ± 0.95** 


VI 






(ie^) 




AKCSL32% 


25 HQ 


22.6 


0% 


7.00 ± 1.41 


VII 






(17-^1) 




Saline 




20^ 


0% 


7.00 ± 0 








(ia-24) 





• six mice per group ware tniected with salmonella 3 days post-tumor inoculation, 
f < 0^1 versus saline. 

• p < OlOS versus saline. 

AKC « aoetbne-killed satmoneila. 
MTD « mean time to deatfi. 



tumor bturden {p < 0.05). At 27 days after tumor 
inoculation, arify one mouse had succumbed in 
the group which had received salmonella on Ihe 
sixth day, but all untreated mice and all but one of 
the mice receiving salmonella oi\ tiie eidtith day, 
had died. : 

A comparison of the efficacy of intralesional 
OCTSMs intraperitoneal theraiTy was caxxied out in 
mice, treated 7 days post-tumor injectiorv t^ing a 
lO-fdld higjiear dose of SL3235 (1.5 x 10* cells). As 
shown in Table 3, the higher dose of salmonella 
was not effective, as measured by survival or 
MTD, when given hitxalesionalty or ixttrapeiitone- 
ally at 7 days post-inoculation, witti the exception 
of the tumor size on day 22 in the i.p. group. In 
view of the lesser efficacy of the higher dose of the 
salmonelkL as shown in Table 3 as compared with 
Tables 1 and 2, a dose response study was carried 
out CTaible 4). In addition^ the efhcacy of Uve rersus 




Hays 



acetone-killed salmonella was also tested. Salmo- 
nella were injected intrapezitoneally on day 3 post- 
siibcutaneous tumor inoculation. As shovm in 
Table 4 and Hgure 1, nonviable, acetone4dlled 
(AKC) sahnoneOa were ineffective in increasing 
survival or fai prolonghig mean time to death. In 
contrast, Uve salmonella, at all three doses, in- 
erased mean time to death. The hi^:iest dose, 2 X 
l£r cells, was again not protecHve in terms of 
percent survival ^en scored at day 33 jnist-tumor 
iiuxMlation. The lowest dose of salmonella (2 x 10* 
organisms) enhanced suirvival (p < 0.06). The 
intermediate dose (2 x 10^ was less effective (p < 
0.09). AD ttttec doses significantly retarded tumor 
growth. 




Days 



Rg. 1, Survival of mfce Injected Intraperitoneally 3 days post-subcutaneous tumor Inoculation ««tfi 
doses of rive (panel A) or acetone^cilled (AKC) (panel B) ^hnonelteT inoculation with varying 
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DISCUSSION 

These studies show that a live, attenuated salmo- 
neHa vaccine, but not acetone-killed cells, can act 
as an immunotherapeutic agent to retard growdi 
of a murine plasmacytoma, leading to lower tumor 
burden. Increased mean time to deaUi, and in- 
creased survival. Three aspects of these results ate 
particularly significant. First, the salmonella vac- 
cine was effective against a rapidly growing, im- 
munosuppressive tumor, TEPC-183, vAoidh does 
not spontaneously regress [1-3]. Second, the atte- 
nuated salmonella retarded tumor gmwth when 
given at a distant site (intraperitoneally) from the 
ttimor mass, as well as intral^ionally . The effect is 
analogous to that of a mixed bacterial vaccine 
which was adnunistered to humans intramuscu- 
larly and subcutaneously distant from the tumor 
site [9,10]. Third, the salmonella vacdne in&s 
effective not only against tumor growth, but also 
against well established tumors which have 
readied 20-30 cm* at debase. Thus, an increased 
survival time was observed when die delay in 
salmonella injection was 3 days (Table 4) or 6 days 
(Table 2] post-tumor. The ability of the vaodne to 
have a therapeutic effect is compatible with po- 
tential for clinical use. 

The present studies, do not address the medum- 
ism of the therapeutic effect of salmonella. How- 
ever, other work from our laboratory has shown 
tiiat live SI 3235 induces tumoriddal macrophages 
that are cytotbxic for B16 melanoma ceDs, P815 
mastocytoma c^ls, and a TU-5 fibxosarobma line 
[5] . Furthermore, the live salmonella were able to 
induce cytotoxic activity in peritoneal macro- 
phages of C3H/He] mice, whereas BCG alone is 
not effective in this mouse strain [5]. In this 
regard, we had previously observed that nonvi- 
able S13235 could only prime CSH/HeJ macro- 
phages for tumoriddal activity, but were not sufb- 
dent to induce tumoriddal activity [5]. 
Interestingly, in ttic present epxeriments, tiie 
need for living salmonella was demonstrated. 
Thtis, lipopolysacxrharide alone is not suffident 
to induce tumor cytotoxidty. 

Activated macrophages can damage tumor tar- 
gets by secretion of tumor necrosis factor (TNF) 
[28] or by production of nitric o?dde (NO) [29]. live 
salmonella are potent inducers of NO in splenic 
macrophages [24] aiui in peritoneal macrophages 
-(30] as is BCG [31]. We have shown diat NO 
mediates toxid^ against a Renca renal adenocar- 
cinoma line [30] and also against P815 mastocyto- 
ma cells (impublished results). Thus, one median- 
ism by which the salmonella might retard TEPC- 
183 plasmacy toirm growth is via induction of NO- 
productng macrophage. Kolb et al. [32] had pos- 
tulated ^^at macrophages might mediate the im- 
munosuppression observed in TEPC-bearing 
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mice, aUhough studies by Patel and Havas did 
not support tiiat condusion [33]. It is interesting 
that the lowerdosesof salmonella (2 x 10^, 2 x l(n 
seemed to be more effective in prolonging survival 
in TEPC-bearing mice than the highest dose (2 x 
10^, an observation which would be consistent 
with reports in the literature that an excess of 
tumpr-assodated macrophages can also be dele- 
teriouis P4]- The observation that mice receivixig 2 
X 10^ live SL3235 had longer survival but larger 
tumor burdens (Table 4) is no t easily explained. In 
a study of ceBular changes in THPC-183-bearing 
mice 14 days after tumor inoculation, it was found 
that cells expressing MAC-1 antigen and nonspe- 
cific esterase activity increased six-fold in ttie 
spleen with increadng tumor growOi [35]. We 
have also shown that activated macrophs^es can 
be immunosuppressive ^(da production of exces- 
sive NO [21-24^1, and have postulatied diat there 
xsaay be a narrow dose window between benefidal 
and deletmous effects of activated macrophages 
induced by salmondla and other BRMs {37-39]. 

CONCLUSIONS 

Our studies show diat attenuated salmonella have 
potential as an immunotherapeutic agent Because 
they cm suj^y an LPS signal in addition to other 
signals prodded by living intracellular bacteria, 
salmondla may be superior on theoretical ground^ 
to BCG as an ixmnunbtherapeutic agent. There are 
few anti-cancer drugs that totally destroy estab- 
lished tumors^ so Aat even a modest reduction in 
rate of increase of turtior size and an increase in 
survival time are signi&cant. With die increasing 
focus on BHMs, the use of salmonella shcndd be 
explored further. 
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ABSTRACT 

There has been little investigation of bacteria as gene delivery vectors. 
Here, we demonstrate that genetically engineered Salmonella have many 
of the desirable properties of a delivery vector, including targeting of 
multiple tumors from a distant Inoculation site, selective replication within 
tumors, tumor retardation, and the ability to express effector genes, such 
as the herpes simplex virus thymidine kinase {HSV TK), When wild-type 
Salmonella were introduced into melanoma-bearing mice, the bacteria 
were found within the tumor at levels exceeding 10^ per g, although as 
pathogens, they caused the death of the mice. However, when attenuated, 
hyperinvasive auxotrophic mutants were used, the tumor- targeting and 
amplification phenomena were retained, whereas their pathogenicity was 
limited. With such attenuated strains, the tumor:liver ratios ranged be- 
tween 250:1 and 9000:1. When these auxotrophs vt^ere inoculated i.p. into 
C57B6 mice bearing B16F10 melanomas, they suppressed tumor growth 
and prolonged average survival to as much as twice that of untreated 
mice. A plasmid containing the HSV TK gene with a ^-lactamase secretion 
signal was constructed that, when expressed, resulted in translocation to 
the periplasm and phosphorylation of the prodrug ganciclovir. Melano- 
ma-bearing animals inoculated with HSV TK-expressing Salmonella 
showed ganciclovir-mediated, dose-dependent suppression of tumor 
growth and prolonged survival in addition to that seen with bacteria 
alone. The results demonstrate that attenuated Salmonella would be useful 
both for inherent antitumor activity and delivery of therapeutic proteins 
to cancer cells in vivo, 

INTRODUCTION 

Salmonella offer several potential advantages as anticancer vectors. 
Hiey can grow under either aerobic or anaerobic conditions such as 
those that occur within solid tumors (1-5); they express specialized 
systems for invasion into and survival within both epithelial cells and 
macrophages (6-11); and there is a vast body of knowledge and 
powerful genetics in the Enterobacteriaceae. Thus, we investigated 
the invasive capacities of Salmonella toward melanomas and cells of 
other solid tumors, both in culture and following implantation in mice. 
Finding that a highly virulent wild-type Salmonella invaded these 
cells in vitro and targeted and amplified within tumors in vivo, we 
sought to develop this strain as an antitumor vector. 

We first isolated derivatives that» unlike wild type, were not re- 
pressed in invasion following aerobic growth and, therefore, remained 
invasive toward cancer cells under either aerobic or anaerobic growth 
conditions (2—5). However, for a pathogen such as Salmonella to be 
useful as an anticancer vector, it must also be attenuated in virulence 
so that potential harm to the host is minimalized. Previous work 
demonstrated that attenuation of Salmonella can be achieved through 
auxotrophic mutations, such as those affecting the biosynthesis of 
purines (12) or aromatic amino acids (13), or combinations of such 
mutations (14). We reasoned that the environment of the tumor might 
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provide essential nutrients to the auxotrophs, for example, in necrotic 
spaces or within actively dividing cells of the tumor. Thus, auxotro- 
phy would not only reduce their virulence but could potentially 
provide a mechanism for their selective population and amplification 
within solid tumors. 

Below, we detail the development of aerobically invasive Salmo- 
nella auxotrophs that are attenuated in mice but show pronounced 
tumor targeting and amplification capabilities. Additionally, we show 
that the strains can be genetically engineered to express effector 
genes, such as that encoding HSV TK,^ which converts of the inactive 
prodrug GCV into its activated phosphorylated form, resulting in 
antitumor activity in vivo. 

MATERIALS AND METHODS 
Cell Lines and in Vitro Invasion Assays 

The bacteria were wild-type Salmonella typhimurium strain 14028 (ATCC 
CDC65I6-60) and the following auxotrophic derivatives: YS72 {pur~); YS72I 
(pwr", it\'~); YS7211 {pur', /A", org~); YS72I2 ipur', /7i~, ura'); and 
YS7213 {pur~ , il\~, aro~). Human melanoma line M2 was provided by Dr. C. 
Cunningham (Harvard Medical School, Cambridge, MA). B16F10 cells were 
provided by Dr. I. J. Fidler (M. D. Anderson Cancer Center, Houston, TX). All 
other cell lines were obtained from the American Type Culture Collection. 
Bacterial invasion of cultured animal cells was carried out in Coming tissue 
culture flasks (25 cm-) with the use of gentamicin sulfate, as modified from 
Lee and Falkow (4). Following 15- or 30-min invasion periods and 30-min 
incubations with 50 /xg/ml gentamicin, animal cells were quantitated in a 
Coulter counter (Coulter Electronics, Inc.), and bacteria were quantitated by 
serial diliitions on LB agar. Data were expressed as the number of infecting 
(gentamicin-resistani) bacteria/ 10^ animal cells. 

Isolation of Auxotrophs and Testing of Virulence in Mice 

Strains 14028 and YS72 were mutagenized with 50 /ig/ml nitrosoguanidine 
(20 min at 37"C) and UV irradiation (50 J/m", A = 254 nm; Ref. 15). In one 
study, three separate pur~ auxotrophic mutant clones were isolated from 
14028, and three separate pur'*^ revertant clones were isolated from YS72 and 
tested for virulence in mice and for invasion potential toward M2 melanoma 
cells in vitro. In another study using YS72 as the parental strain, polyaux- 
otrophs YS721, YS721I, YS72i2, and YS7213 were constructed and also 
tested for virulence and invasiveness. Virulence was tested by injecting groups 
of C57B6 mice i.p. with 10^ bacteria and measuring the mean time to death 
(12). This method was chosen over that of the LD^ method because it yielded 
reproducible, statistically significant results with fewer mice. C57BL6 mice 
(n = 8-12 animals) were injected i.p. with each isolate, the mice were allowed 
to eat and drink ad libitum, and the cages were monitored for dead or moribund 
mice. All surviving animals were euthanized 10, 30, or 60 days after inocu- 
lation with bacteria, depending on the experiment. Data were expressed as 
mean ± SD survival after inoculation with bacteria (in days). 

Implantation of Tiimors and Quantitation of Bacteria 

C57B6 and DBA/2J mice were inoculated s.c. in the left shoulder region 
with 5 X 10^ BI6F10 and Cloudman S91 mouse melanoma cells, respectively. 
BALBc nii/nu mice were inoculated with 2 X 10^ cells of human lung 
carcinoma A549, human colon carcinoma HCT 1 16, human breast carcinoma 



■* The abbreviaiion.s used arc: HSV TK, herpes simplex vims thymidine kinase; GCV. 
ganciclovir LB. Luria broth; cfu. colony- forming unit(s); EM. electron microscopy; TK, 
thymidine kinase; T/C. treated versus control: LPS. liptTpolysacchariUe; i.l.. intratumoral. 
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BT20, human renal carcinoma CRL 1611, or human hepatoma HTB 52. When 
palpable tumors developed, mice were further inoculated i.p. with Salmonella 
isolate YS72 at the cfu indicated. At designated times, the animals were 
sacrificed, and the tumors and livers were removed and weighed. A central 
portion of the tumor was prepared for microscopy, and the remainder of the 
tumor was homogenized in 5 volumes of LB per g of wet weight tissue and 
quantitated for bacteria by serial dilution on LB agar plates. 

Bacterial Effects on Tumor Growth and SurvivaJ 

Inoculi of 1-4 X 10^ cfu/mouse i.p. of the polyauxotrophs were not lethal 
for at least 28 days, and some strains of mice tolerated inoculi as high as 
5 X 10^ cfu. Doses in the range of 10*^ cfu were chosen as the most useful for 
investigating the several different factors that needed to be taken into account: 
virulence, tumor targeting, amplification, and growth suppression. Eight days 
following tumor implantation, mice were further inoculated i.p. with 4 X 10*^ 
cfu of YS721. YS721 1, YS7212, or YS7213. Ten days following inoculation 
of bacteria, mice were routinely given Baytril (enrofloxacin, 0.2 mg/ml in 
drinking water) for a total of 2 weeks, a treatment that, in comparative studies 
not shown, resulted in a moderate increase in survival of mice. Tumor growth 
was assessed by periodic caliper measurements (in mm). Tumor volume was 
computed by the formula: length X width X height x 0.5236 = volume (in 
mm^). Animals were euthanized when their tumors reached 4000 mm^ or when 
they became moribund. 

. Microscopic Analyses 

For light microscopic analyses, portions of the tumor were fixed in fomialin, 
embedded in paraffin, sectioned, and stained with H&E or tissue Gram's 
stain (Brown-Brenn stain). For EM, the tissue was fixed in half-strength 
Kamovsky's fixative for 6 h at 4''C, followed by washing in cacodyiate buffer 
overnight, postfixed with 1% OSO4 and 1.5% potassium ferrocyanide in 
cacodyiate buffer for 2 h, and embedded in Spurr's resin. Ultrathin sections 
were stained with uranyl acetate and lead citrate and photographed through a 
Zeiss 109 EM. 

Cloning and Expression of HSV TK in SalmoneUa typhimurium 

PCR, Plasmid DNA of the vector pHETK2 (16) was prepared by alkaline 
lysis, phenol-chloroform extraction, and ethanol precipitation: PCR primers 
based on the complete sequence for HSV TK (17) were: forward, 5'-GAT- 
CATGCATGGCTTCGTACCCCGGCC-3'; and reverse, 5'-CTAGATGCAT- 
CAGTGGCTATGGCAGGGC-3', corresponding to bases 310-328 (forward) 
and 1684-1701 (reverse) of the published sequence, with added GATCATG- 
CAT or CTAGATGCAT sequences {Nsa site and spacer) at the 5' end of each 
primer. Each 25-fil reaction mixture contained 50 ng of DNA template, 10 
pmol of each primer, 100 mM deoxynucleotide triphosphates, 1.5 mM Mg/and 
0.5 units of Taq polymerase (Perkin-Elmer/Cetus, Norwalk, CT). Amplifica- 
tion was performed by 35 cycles of 94*'C for 1 min; 50*'C for 15 s; 55-C for 
1 min; and 72''C for 2 min. The band of the correct size was cloned into {a) 
pBluescript U KS^ and sequenced with T3 and T7 primers to confrnn the 
correct DNA had been cloned and {b) p279 cut with Pstl, which provides the 
^lactamase signal sequence (18). Transformants were screened using a probe 
generated from the original template by random priming (Boehringer Mann- 
heim, Indianapolis, IN) using (a-^=^P]dCrrP. Positive clones were further 
screened by irrmiunoblot. 

SDS-PAGE and Immunoblot SDS-PAGE was performed on bacterial 
lysates according to Weber and Osbom (19). Immunoblots were performed 
according to Towbin et at. (20). Primary anti-TK antibodies (a gift of William 
Summers, Yale University, New Haven, CT) were generally used at a 1:1000 
dilution. Secondary antimouse antibodies were alkaline phosphatase conju- 
gates (Promega, Madison, WI) used at a 1:7500 dilution, and antibody incu- 
bations were followed by nitroblue tetrazolium and 5-bromo-4-chloro-indolyl 
phosphate colorimetric detection (Promega). 

TK Assay. TK activity was assayed using a modification' of the method of 
Summers and Summers (21) containing 0.2 mM I-dC, 0.01 mM '-''l-dC, 10 mM 
ATP, 0.6 mg/ml BSA, 10 mM MgCl2, 25 mM NaF. and 100 mM sodium 
phosphate buffer, pH 6.0. Five ml of the enzyme extract were combined with 



^ P. Tung and W. C. Summers, personal communication. 



20 ml of the reaction mix and incubated at 37*C for 1 h, bound to DE81 paper 
(Whatman), and washed, and the associated radioactivity was determined in a 
gamma counter. 

Salmonella Transformation. Transformation of Salmonella strains was 
performed by electroporation as described (22). Plasmids transfected into 
Salmonella included pHETK2 (16), p279 (18). and two independent isolates of 
^-lactamase fusions, p5-3 and p21A-2. Salmonella typhimurium strains that 
were transfected were 14028, YS72, YS721I, YS7212, and YS7213. 

Fractionation of Bacteria and Isolation of Periplasmic Fractions 

Periplasmic fractions were collected using a modified osmotic shock pro- 
cedure (23, 24). Cultures were grown overnight at 37*C with shaking in 
medium consisting of LB with either 100 /ig/ml ampicillin or 10 /ig/ml 
tetracycline. One ml of bacterial culture was pelleted and resuspended in 100 
p\ of Tris-acetate (0.1 m). Eight ml of lysozyme (2 mg/ml) were added, the 
mixture was kept at room temperature for 10 min, 100 ^il of ice-cold H^O 
containing I mM phenyl methyl su If onyl fluoride was added, and the mixture 
was further incubated on ice for 5 min. Four pX of MgSO^ (1 m) were added 
to stabilize the spheroplasts, which were then pelleted in a microfuge for 40 s 
at 12,000 X g. The spheroplast pellet and the supernatant periplasmic fiction 
were compared with the whole unfractionated bacteria by gel electrophoresis 
and immunoblotting. 

Treatment with GCV 

Eight days post-tumor implantation, some mice were further inoculated i.p. 
with 10^ cfu of strain YS721 1 bearing HSV TK gene-containing plasmid p5-3 
with a ^-lactamase secretory signal sequence. At 1 1 days post-tumor implan- 
tation. GCV (GCV sodium, Cytovene; Syntex Laboratories, Palo Alto, CA) 
was inoculated i.p. into groups of mice under the following protocols: (a) 330 
mgA:g (2.5 mg. day 11 : 1.^ mg, day 12; 2.5 mg, day 18; and 1 .25 mg, day 19); 
ib) 220 mg/kg (2.5 mg, day 1 1; 2.5 mg, day 12); (c) 165 mg/kg (2.5 mg, day 
U; 1.25 mg, day 12); {d) 1 10 mg/kg (1.25 mg, day 11; 1.25 mg, day 12); and 
{e) 55 mg/kg (L25 mg, day 1 1). At 18 days post-tumor implantation (10 days 
post-bacterial inoculation), all animals were given enrofloxacin (Baytril, 0.2 
mg/ml) in their drinking water, and they were maintained on this antibiotic for 
2 weeks. 

Genetic Stability of Strains 

To assess the stability of the auxotrophic phenotypes bacteria from tumor, 
homogenates were replicate-plated onto minimal medium agar supplemented 
witfi the appropriate nutritional additives to monitor for the presence of the 
auxotrophic mutations or with tetracycline on LB plates for retention of the 
Tet"'= plasmid. For each strain, YS7211, YS7212, and YS7213. 50 of 50 
bacterial clones recovered from the mmor homogenates displayed the expected 
auxotrophic phenotypes 2 days postinoculation. In tests for plasmid retention, 
10 days after inoculation of YS7211 with plasmid p5-3, 27 of 33 clones 
recovered from tumors were Tet''% indicating >80% retention of the HSV TK 
plasmid in vivo. Further, for each of the three auxotrophs, three of three Tet"* 
clones isolated from such tumor homogenates expressed TK activity, indicat- 
ing that, in addition to Tet^^ the TK gene was also retained on the plasmid for 
at least 10 days in mice (not shown). 

RESULTS 

Isolation of Aerobic Hyperinvasion Mutants. Invasion of Sal- 
monella into animal cells is regulated by a number of environmental 
factors, including oxygen, osmolarity, and pH (2-5). For example, 
mutants of the hil locus have been described previously that were 
hyperinvasive under normally repressive aerobic conditions {2, 4-5). 
Using similar techniques as those used for hil mutants, we sought to 
isolate mutants showing enhanced invasive capacities toward human 
melanoma cells when the bacteria were growing aerobically in early 
logarithmic phase. ATCC 14028 was chosen as the wild type because 
it was known to be highly virulent in mice and we found it to be 
inherently invasive toward human melanoma cells in culture. Strain 
14028 was mutagenized so that the frequency of auxotrophic mutants 



SALMONELLA AS AN ANTITUMOR VECTOR 



reached 2% (15). The mutagenized population was grown to early 
logarithmic phase under aerobic conditions and subjected to four 
cycles of invasion into and recovery from melanoma cells. Four of 
150 isolates tested were found to be hyperinvasive compared to wild 
type, and the most striking of these, YS72, was chosen for further 
study. The invasive characteristics of YS72 showed a phenotype 
similar to that of hil mutants in that invasion of wild-type cells was 
repressed under aerobic conditions and induced under anaerobic con- 
ditions, whereas invasion of YS72 was induced following growth 
under either condition (Table I). Although YS72 was isolated by 
cycling through melanoma cells, it was also hyperinvasive compared 
to wild type toward human carcinomas of the lung, prostate, kidney, 
liver, and breast, in in vitro assays following aerobic growth (data not 
shown). 

Analyses of growth in minimal medium supplemented with various 
nutrients revealed that YS72 was pur~, requiring adenine and vitamin 
B 1 , although no selective pressure had been applied for isolation of 
the Pur~ phenotype. This phenotype is known to reduce virulence of 
Salmonella in mice (12-14), and upon testing, YS72 was indeed 
found to be less virulent than wild type (Table 2). That is, whereas 
non-tumor-bearing C57B6 mice inoculated i.p. with 10^ cfu of wild 
type survived only 3 ± 0.5 days (mean ± SE), those inoculated with 
YS72 survived 5.8 ± 1 days, suggesting that the Pur" phenotype 
accounted for the reduced virulence of YS72. In confirmation, a series 
of /7Mr" derivatives of 14028 had decreased virulence, similar to 
YS72, whereas pur'^ derivatives of YS72 had increased virulence, 
similar to 14028 (Table 2). Through in vitro invasion assays, it was 
found that the aerobic hyperinvasive phenotype was expressed in both 
the YS72 pur" and the pur'*' derivatives and was, therefore, unrelated 
to the pur~ phenotype of YS72 (data not shown). 

Attenuation and Selective AmpUncation in Tumors. YS72 was 
subjected to successive rounds of mutagenesis, and the following 
auxotrophs were constructed. An ilv~ (isoleucine/valine) derivative of 
YS72, designated YS721, was isolated, and three additional aux- 
otrophs were obtained from YS721: one additionally requiring argi- 
nine, YS721 1; a second additionally requiring uracil, YS7212; and a 
third additionally requiring precursors for aromatic amino acid syn- 
thesis, YS7213. Virulence was tested by injecting groups of mice i.p. 
with 10^ bacteria and measuring the mean time to death (Ref. 12; see 
"Materials and Methods"). The polyauxotrophs were all less virulent 
than YS72, in that about 50% (8/17) of non-tumor-bearing C57B6 
mice inoculated with YS721 and about 90% (33/36) inoculated with 
YS721 1, YS7212, or YS7213 survived past 30 days with no antibiotic 
treatment (Table 2). Further, polyauxotrophs YS721, YS7211, and 
YS7212 retained the hyperinvasive phenotype. However, YS7213 
was markedly less invasive in vitro than any of the other strains, being 
about 30-fold less so than the wild type, following either anaerobic or 
aerobic growth (data not shown). 

The wild-type and auxotrophic strains were examined for tumor 
and liver distribution after i.p. inoculation into C57B6 mice bearing 



Table 1 Invasion of wild-type Salmonella strain 14028 and hyperinvasive mutant YS72 
following growth under aerobic and anerobic conditions 
Bacteria were grown aerobically in LB or anaerobically in N2-bubblcd broth for at 
least three doublings to A600 = 0.5, diluted to 10* cfu in DMEM/10% fetal bovine serum, 
and allowed to invEule M2 melanoma cells for 15 min under aerobic conditions. The 
invasive characteristics of YS72 showed a phenotype similar to that of hil mutants (2. 
4-5). Each point represents the mean i: SD for triplicate determinations. The experiments 
were repeated several times with similar resuUs. 
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Growth condition 




14028 




YS72 




YS72: 14028 


Aerobic 


3.4 


± 1.7 X 10- 


4.5 


± 0.3 X 


10-* 


130:1 


Anaerobic 


2.7 


± 0.6 X ID"* 


4.7 


:t 0.2 X 


10** 


1.7:1 



Table 2 Survival of C57B6 mice injected with auxotrophic mutants of 
Salmonella typhimurium 
Points represent the mean ± SD for n = 8-12 animals. Sec "Materials and Methods" 
for further description of strains. 

No. of survivors 



Strain. 


Phenotype 


Mean survival 
(days ± SD) 


>10 days 


>30days 


14028 


Wild type 


3.0 ±0.5 


NA" 


NA 


YS72 


Hyperinvasive, pur~ 


5.8 ± 1.0 


NA 


NA 


YS72-PI 


Pur^ 


3.9 ± 0.4 


NA 


NA 


YS72-P2 


Pur^ 


3.9 ± 1.3 


NA 


NA 


YS72-P3 


Pur" 


4.1 ± 0-9 


NA 


NA 


14028-Pl 


Pur" 


6.8 i 1.5 


NA 


NA 


I4028-P2 


Pur 


NA 


4/8 


ND 


14028-P3 


Pur" 


NA 


5/8 


ND 


YS721 


Pur", llv 


NA 


10/11 


6/n 


YS72n 


Pur", Ilv~, Arg 


NA 


8/8 


7/8 


YS7212 


Pur". llv~, Ura~ 


NA 


8/8 


6/8 


YS7213 


Pur^, IIv~, Arg~ 


NA 


8/8 


8/8 


NA, not applicable; ND, not done. 



Table 3 Tumor and liver distribution of Salmonella at 5 h and 2 and 4 days after i.p. 
inoculation of l(f cfu 
Points are for C57B6 mice bearing B16F10 melanoma tumors, representing 
mean ± SD for h = 3 (5 h) and f? = 5 (2 and 4 days) animals. 



Salmonella/g, tissue 



Time postinoculation 


Tumor 


Liver 




Tumor: Liver 


5 h 










14028WT 


7.1 ±2,2 X 10"* 


1.3 ± 7.6 X 


10^ 


1:2 


YS72 


1.2 ± 1.3 X lo' 


5.5 ± 4.8 X 


10^ 


2:1 


2 days 










14028WT 


6.5 ± 6.8 X 10^ 


2-4 ± 2-8 X 


10^ 


270:1 


YS72 


1.7 ± 1.2 X 10^ 


1 .9 ± 2.3 X 


10' 


9000:1 


YS721 


8.7 ± 3.1 X 10** 


4-2 ± 3.6 X 


10* 


210:1 


YS72n 


3.3 ± 3.0 X lO'' 


8.1 ± 8.4 X 


10^ 


41:1 


YS72I2 


3.9 ± 7.3 X lO' 


1-1 ± 0.8 X 


10** 


35:1 


YS7213 


1.5 ± 2.8 X 10^ 


4.0 ± 3.1 X 


10^ 


375:1 


4 days 










14028WT 


Moribund/dead 








YS72 


Moribund/dead 








YS721 


3.2 ± 1.5 X 10^ 


4.7 ± 6.9 X 


10* 


680:1 


YS72n 


1.6 ± 2.2 X 10^ 


6.3 ± 9.9 X 


10* 


253:1 


YS7212 


1.1 ±7.4 X 10^ 


5.1 ± 8.6 X 


10^ 


2200:1 . 


YS7213 


1.3 ± 2.5 X 10^ 


2.2 ± 6.9 X 


10' 


5900:r 


B 1 6F 1 0 melanomas 


(Table 3). Prior tests of 10*- 


10« 


cfu/mouse indi- 



cated that 10* cfu v^as most useful for observing tumor and liver 
infectivity for at least 2 days, while, at the same time, maintaining the 
viability of mice injected with virulent strains such as 14028 and 
YS72 (data not shown). By 5 h, bacteria were found at low levels in 
both liver and tumor, with tumorrliver ratios of 1 :2 for wild type and 
2:1 for YS72. Remarkably, by 2 days, each of the strains tested had 
selectively amplified within tumors, such that the number within the 
tumors for each strain was far more than that of the original inoculum 
of 10* cfu, and tumorrliver ratios were as high as 9000:1. However, 
the most striking finding in these studies occurred at 4 days. Although 
wild type and YS72 were lethal to the mice at 4 days, polyauxotrophs 
YS721, YS721 1, YS7212, and YS7213 were not, and each displayed 
densities of greater than 10^ cfu/g tumor, with tumorrliver ratios 
between 250: 1 and 60(X): 1 . These results indicated that such polyaux- 
otrophs, capable of tumor amplification yet expressing reduced viru- 
lence, should be useful as safe tumor vectors in mice. 

Tumor Retardation and Prolonged Survival. Additional studies 
established that YS721, YS721 1, YS7212, and YS7213 each retarded 
tumor growth and, except for YS721, which was only partially atten- 
uated, they prolonged survival of tumor-bearing mice (Fig. 1). For the 
experiment in Fig. 1 , the average time for tumors to reach 1 g was 1 8 
days for control animals, 31 days for animals treated either with 
YS7213 and YS7211, and 45 days for YS7212. Retardation of tumor 
growth paralleled survival times (Table 4). The order of efficacy for 
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Fig. I. Growth of B16F10 melanomas in C57B6 mice wiih (♦) and 
without (□) inoculauon of strains YS72I {ay. YS72I3 (A); YS721 1 (c); 
and YS7212 (rf). Mice were inoculated s.c. with 5 X 10* B16FI0 
melanoma cells from culture. Eight days following inoculation of tumor 
cells, some of the mice were further inoculated with 4 X 10^ cfu bacteria 
{arrow). Data points, mean for n =5 animals, when 100% of the 
animals were alive in a group; bars, SE. Due to the prolonged survival 
elicited by YS72 1 2, tumor measurements are not shown after 33 days for 
animals treated with this strain (• • • • and *: d). YS72 1 2 treated mice 
survived an average of 55 ± 3 days, with the first tumor reaching 4000 
mm by 46 days postinoculation. Similar results were obtained in several 
repeated experiments. 




Days Post Tumor Implantation 



retardation of tumor growth and prolongation of survival was consis- 
tently YS7212 >YS7211>YS7213. YS7212, the most . effective 
strain, produced T/Cs of 1.8-2.2. It is interesting that, although 
YS7213 selectively.amplified within tumors, it was the least effective 
of the strains with regard to its antitumor activity, possibly correlating 
with its reduced irifectivity toward melanoma cells in culture de- 
scribed above (see "Discussion"). 

Microscopic Analyses. Tissue samples from a variety of human 
and mouse tumors infected in vivo with YS72 were examined by hght 
microscopy and EM (Fig. 2). Studies were carried oiit with DBA/2J 
mice bearing Cloudman S91 melanomas, C57B6 mice bearing 
B16F10 melanomas, and BALBc nu/nu mice bearing human carcino- 
mas of the breast, lung, colon, kidney, and liven With the light 
microscope. Salmonella positively staining with the Brown-Brenn 
stain were detected predominantly in and around the margins of 
necrotic areas of tumors, and individual rods were clearly visible. At 
the EM level, bacteria were seen in mouse melanomas (Fig. 2A) and 
human carcinomas of the lung (Fig, 2B), colon (Fig. 2C), and breast 
(Fig. 2D). Not shown are similar EM results with human renal 
carcinoma CRL161 1 and hepatoma HTB52 tumors growing in nu/nu 
mice. In summary of the EM studies, bacteria were found in necrotic 
areas and in the cytoplasm of tumor cells. Bacteria were often found 
in apoptotic cells as evidenced by the presence of segmented (kary- 
orrhexic) nuclei (Fig. 2, C and D). Numerous examples were observed 
of dividing bacteria within the tumors. Quantitation of the bacteria 
within the human tumors in vivo revealed that, as with B 1 6F 1 0 mouse 

Table 4 Sun,nval of BI6F10 melanoma-bearing C57B6 mice inoculated with 
Salmonella typhimurium 
Each point represents the mean ± SE for « = 10 animals. Mice were administered 
Baytnl anubiouc in the drinking water 2 weeks postinoculation with bacteria and were 
euthamzed when tumors reached 4000 mm^ The experiments were repeated several times 
with sinular results. 



Strain 



Mean survival (days i SE) 



T/C 



Control (no bacteria) 

YS72I3 

YS721I 

YS7212 



27 ± 2 
36 ±5 
38 ± 10 
53 ± 7 



1.0 
1.3 
1.5 
2.0 



4540 



melanomas (Table 3), 2-4 days after i.p. inoculation of 10^ cfu, YS72 
densities reached remarkable levels of 10*^-10'° cfu/g in the human 
tumors, with tumorliver ratios reaching as high as 4000:1. , 

Expression of HSV TK and Prodrug Activation. GCV-mediated 
inhibition of tumor growth via its phosphorylation by HSV TK has 
been reported for a number of experimental cancers, including the 
mouse B16F10 melanoma (25-29). For example, 40-50% reductions 
in B16 melanoma tumor volume were seen in mice injected intratu- 
morally with either adenovirus or DNA containing the HSV TK gene 
and further treated with GCV at doses ranging from 100 to 150 
mgA:g/day for 4-6 days (28, 29). To test the potential of Salmonella 
to deliver therapeutic enzymes to tumors, an HSV TK expression 
construct with a /3-lactamase secretory sequence (plasmid p5-3) was 
transfected into various strains (Fig. 3). Plasmid-bearing strains were 
able to target and amplify within tumors, as did plasmid-free strains, 
and they were also similar to their plasmid-free counterparts in ex- 
pression of the aerobic hyperinvasive phenotype in vitro (data not 
shown). Immunobloi analyses using an anti-HSV TK mAb (top) 
revealed expression of HSV TK in lysates of wild type and YS72 with 
p5-3 (Lanes 2 and 3) but not in those of 14028 with plasmid but no 
HSV TK gene {Lane J). In assays of HSV TK phosphotransferase 
activity (bottom), using '^^I-dC as a substrate for phosphorylation 
(2 1 ), about 1 0-fold higher levels of activity were seen in wild-type and 
YS72 lysates containing HSV TK (Lanes 2 and i) compared to those 
without HSV TK (Lane J). Similarly, using [^HJGCV as a substrate, 
kinase activity was readily detected in lysates of strains YS721 l/p5-3, 
YS7212/p5-3, and YS7213/p5-3 expressing HSV TK but not in ly- 
sates without HSV TK (data not shown). 

Periplasmic Localization of HSV TK. Relatively little enzyme 
activity was recovered from the culture supematants (data not shown). 
However, because inmiunoblot analyses indicated processing of the 
secretion signal (Fig. 3), secretion into the periplasmic space of the 
Salmonella was suggested. This was verified by purification of the 
periplasmic fraction and immunoblot analysis (Fig. 4). In whole-cell 
preparations, both the precursor form, containing the /3-lactamase 
signal sequence, and the mature processed form, with the signal 
sequence cleaved, were present. In contrast, the periplasmic fraction 
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Fig. 2. Electron microscopic analyses of Salmonella typhimurium isolate YS72 infecting mouse and human tumors. Procedures were described in "Materials and Methods." A, 
Salmonella surrounding and within a B 16 melanoma cell located in a necrotic area of the tumor. A single bacterium {downward arrow) is seen within the cytoplasm of the melanoma 
cell along with numerous melanosomes (m). A second bacterium {upward arrow) is located near the surface of the melanoma cell. Chromosomes (chr) are seen in the nucleus of the 
melanoma cell. B, numerous 5fi/mone/to {arrows) in human lung Uimor A549. C, Salmonella in human colon tumor HTCl 16. Seen is a cell with segmented (karyorrhexic; kn) nuclei. 
Such cells are in late ^ptosis (57). D, Salmonella {arrows) in and sumiunding a mmor cell from human breast tumor BT2d. As in C, the tumor cell is in late apoptosis as evidenced 
by the presence of nuclei in karyonhexis {kn). 



contained only the processed form, indicating that processing was 
necessary for periplasmic localization. Both the precursor and mature 
forms were seen in the spheroplast preparations, indicating that trans- 
location of the mature form to the periplasm was only partial. As the 
periplasm is freely permeable to phosphorylated nucleotides, phos- 
phorlylated GCV should, in theory, be able pass out of the parasite. 

To test the effects of GCV on tumor growth, C57B6 mice were 
implanted with B16F10 melanoma cells, inoculated 8 days later with 
strain YS721 1 with or without HSV TK-containing plasmid p5-3, and 
administered GCV as described (Fig. 5). We found that introduction 
of the plasmid reduced the inherent antitumor activity of the bacteria, 
such that the plasmid-bearing strains could not be directly compared 
to the plasmid-free strains for total antitumor activity with and without 
GCV (see effects of strains without GCV). Nonetheless, a clear effect 
of GCV-mediated tumor retardation by HSV TK-containing strain 
YS7211/p5-3 was demonstrated. In control animals 25 days post- 
tumor implantation, the average tumor volume in mice not receiving 
bacteria had reached 4000 mm^, and many of the animals had been 
euthanized. Control animals not inoculated with bacteria showed 
small GCV-mediated suppression of tumor growth that was independ- 
ent of dosage and did not result in enhanced survival. In contrast, 
tumors in mice treated with YS7211/p5-3 alone had reached only 
540 ±128 nmi^ (mean ± SE) by 25 days, whereas those treated with 
YS7211/p5-3 plus GCV were 193 ± 59 nun^ (P = 0.018), showing 
both bacterial as well as GCV effects on tumor growth. On the other 
hand, without the p5-3 plasmid, GCV showed no effects when used in 
combination with this strain (day 25, 219 ± 100 mm^ versus 
236 ±114 mm^, control versus GCV). For animals treated with 



YS7211/p5-3, data pooled from three experiments at 28 days' post- 
tumor implantation for all GCV doses from 165 to 330 mg/kg re- 
vealed a 2.5-fold reduction in tumor volume by GCV (P - 0.025; 
Table 5). Further, GCV elicited moderate increases in survival (Table 
6). Whereas tumor-implanted animals not treated with bacteria died 
with a mean ± SE of 25 days without and 27 ± 1 days with GCV (220 
mg/kg), those inoculated with YS7211/p5-3 and no GCV survived 
36 ± 2 days, and those treated with YS7211/p5-3 + GCV survived 
40 ± 3 days for 165 mg/kg (P = 0.070), 42 ± 3 days for 220 mg/kg 
(P = 0.085), and 41 ± 2 days for 330 mg/kg (P = 0.023). 

DISCUSSION 

Using Salmonella typhimurium, we have developed a tumor-ampli- 
fied protein expression therapy. Our approach involved the combina- 
tion of a number of mutant characteristics and the transfection of 
foreign genes to create an attenuated anticancer vector from a highly 
virulent strain of Salmonella. Aerobic hyperinvasiveness was com- 
bined with defects in major biosynthetic pathways, including purine, 
pyrimidine, and amino acid synthesis, to achieve vectors that, when 
injected from a distant site, accumulated and selectively replicated in 
tumor tissue. These bacteria had inherent antitumor activity-retarding 
tumor growth and prolonging average survival to as much as twice 
that of untreated mice with strain YS7212 (27 days versus 53 days, no 
bacteria versus with bacteria). Further, using Salmonella expressing 
the HSV TK gene, we showed a GCV-mediated 2.5-fold reduction in 
B16 melanoma tumor size, a somewhat stronger effect at lower 
dosages than reported earlier, when B16 tumors were injected intra- 
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p5-3 



Fig. 3. Detection of HSV TK by immunoblot {top) and phosphotransferase activiiy 
(bottom) assays in bacterial lysaics derived from equal numbers of cells of wild-type 
strains 14028 (WT) and YS72. Top, immunoblot detection of precursor (P) and mature 
forms of HSV TK using an anti-TK mAb; Lane 1, wild-type ( WD.strain 14028 containing 
pl^mid pKT279 without the //5V TK gene {p279) showing no r^acUvity with the anti-TK 
mAB; Lanes 2 and Jf. 14028 and yS72, respectively, containing; plasmid p5-3 with the 
^-lactamase secretory sequence fusion form of TU: iiimonu phosphotransferase activity 
assoaated with each of the samples in th^ top. Activity is expressed as the total number 
of counts of I-dC phosphorylated by lysatej* derived from 10^ bacteria C I ) 




Fig. 4, Pcnplasmic localization of HSV TK. Immunoblots of whole cell-preparations 
^l^:tena {Lane 7), the pcnplasmic fracUon {Lane 2), and the spheroplast pellet {Lane 3) 
Wholc-ccU preparations show the migration of a precursor form ismall arroxv) and the 
mature fonn {large arrow). The pcnplasmic fraction shows only the processed form of the 
procem. 



tumoraUy with DNA or adenovirus containing the HSV TK gene (28, 
29). Thus, it has been demonstrated that Salmonella would be useful 
both for its inherent antitumor activity and for its ability to deliver 
thera^utic proteins to cancer cells in vivo. 

In parallel studies with Salmonella in DBA/2J mice bearing Cloud- 
man S91 melanomas, we obtained essentially the same results for 
selective amplification and tumor retardation as described herein for 



BI6F10 melanomas in C57B6 mice (data not shown). Moreover, in 
studies with DBA/2J mice, when melanomas were implanted s.c. at 
four separate sites, and YS72 was inoculated either i.p. or directly into 
only one of the tumors, selective amplification of YS72 was observed 
in all four tumors. Selective amplification of YS72 was also seen in 
spontaneous soft tissue metastases following i.p. inoculation of the 
bacteria. The results underscore the therapeutic potential of Salmo- 
nella as a vector for distant metastases as well as for primary tumors 
(30). 

Attenuation of Salmonella through auxotrophy reduced their viru- 
lence in mice but not their ability to target and amplify 2-3 orders of 
magnitude in tumors compared to livers. We envision that, because 
auxotrophic mutants require exogenous nutrients, they are, in general, 
weakened within the mouse, allowing diem to be controlled or erad- 
icated by host defense mechanisms. Tumors, with actively dividing 
cells as well as necrotic areas, would seem to be an environment in 
which metabolites such as purines, pyrimidines, and amino acids 
would be available in good supply, providing a reservoir to the 
bacteria. 
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Fig. 5. Effects of GCV on growth of B16F10 tumors in C57B6 mice treated with 
Salmonella strain YS721 1 with or without HSV TK-containing plasmid p5-3 Mice were 
treated with a total of 220 mg/kg GCV as described in ^Materials and Methods." and 
tumor volume (in mm ) was determined at 25 days post-tumor implantation. Columns 
^^^^ separate experiments for « = 9-35 animals per point, with 

100% survival of treated animals at 25 days; bars, SE. P = 0.018 for difference 
between strain YS721 l/p5-3 with and without GCV. 

Table 5 Effects of ganciclovir on B16FI0 tumor growth in C57B6 mice inoculated 

w ith Salmonella YS721 / with and without the HSV TK gene 
Results are for mean tumor volume ± SE 28 days post-tumor implantation from pooled 
expenments for GCV doses of 0 (bacteria only). 165, 220, and 330 mg/kg. 



Treatment 



Mean tumor volume i SE 



YS72H/p5-3 
YS72)l/p5-3 + GCV 



" P = 0.025. 



1377 ± 353 («= 15/15) 
535 ± 102" (« = 36/36) 



Table 6. Effects of GCV on the survival of C57B6 mice inoculated with Salmonella 
YS72n ± HSV TK gene 
Results are from pooled experiments with 12-19 animals per group at the start. 



Strain 



Control (no bacteria) 
YS721I 

YS73 1 1 + p5-3-2 



GCV 


Survival 




(mg/kg) 


(days ± SE) 


T/C 


None 


25 ± 0 


1.0 


165 


27 ± 1 


1.1 


0 


40 ± 4 


1.6 


165 


35 ±4 


1.4 


None 


36 i 2 


1,4 


55 


36 ± 2 


1.4 


1 10 


38 ± 2 


1-5" 


165 


40 ± 3 


1.6" 


220 


42 H 3 


1.7" 


330 


41 ± 2 


1.6" 



" See text for Ps. 
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Regarding bacteria and cancer, there are clinical observations dat- 
ing over more than 200 years in which cancers regressed in patients 
with bacterial infections (31, 32). At least part of the therapeutic 
action of bacteria appears to be through stimulation of the host 
immune system ie,g., Refs. 33-37). However, immunostimulation 
may not be the only therapeutic mechanism because there are numer- 
ous reports of patients with bacterially infected tumors, often contain- 
ing Salmonella (38-41), raising the possibility that bacteria could 
target tumors and have local antitumor effects. 

The mechanisms involved in suppression of tumor growth by 
Salmonella are likely to be multifaceted. Suppression might be due to 
an activation of the immune system through the release of LPS by the 
tumor-infecting bacteria. LPS released within the tumor by the infect- 
ing Salmonella could induce tumor necrosis factor a release by WBC, 
either systemically or locally, and elicit antitumor effects within the 
animal (34, 43, 44). LPS from bacteria in the tumor could also serve 
as an attractant to WBC such as macrophages and neutrophils that, in 
turn, express antitumor activity. It is also possible that WBC transport 
Salmonella from the circulatory system to tumors, the net result being 
an increase in both WBC and bacteria within the tumor. Additional 
explanations for tumor suppression could include competition for 
nutrients between cancer cells and bacteria, and secretion of bacterial 
toxins or enzymes such as proteases and other hydrolases. 

We do not yet know what role, if any, the aerobic hyperinvasive 
phenotype of YS72 played in the efficacy of targeting, amplification, 
or tumor suppression. Evidence that invasion itself may be important 
comes from our findings that YS7213, noninvasive in culture follow- 
ing either aerobic or. anaerobic growth, was also the weakest strain for 
tumor suppression in vivo, although it was capable of targeting tumors 
and amplifying within them (Table 3). Our microscopic studies of 
hyperinvasive YS 72 indicated that, whereas most of the bacteria were 
seen in necrotic spaces, they were also detected within the cytoplasm 
of tumor cells, suggesting that YS72 was capable of invasion of tumor 
cells in vivo (Fig. 2). Perhaps aniplification within necrotic spaces, as 
achieved by YS7213, is sufficient for some tumor suppression; how- 
ever, more suppression can be gained from bacterial invasion of tumor 
cells, as apparemly observed with YS72. A microscopic study of 
tumor cell invasion characteristics of YS7213 in vivo has not yet been 
completed. 

There were several parameters of the HSV TK/GCV experiments 
that require discussion and further investigation. We have not meas- 
ured phosphorylation of GCV or its incorporation into DNA within 
tumors. Rather, these fu-st studies have used differential effects on 
tumor growth retardation and prolonged survival to assess its activa- 
tion. The experiments in mice were complicated by the fact that the 
bacteria alone were so potent in retarding tL.nor growth that further 
GCV effects were relatively small. In addition, the potency of indi- 
vidual Salmonella strains alone on tumor growth and survival varied 
between strains, with YS7212 being more potent than YS7211 and 
YS7213, and HSV TK plasmid-bearing strains being less potent than 
their plasnud-free counterparts (Figs. 1 and 5). At least 80% of the 
bacteria retained the plasmid while infecting tumors 10 days postin- 
oculation, as determined by tetracycline resistance. The differences in 
tumor suppression between HSV TK plasmid-bearing and plasmid- 
free strains might have been due to differential virulence; however, 
this was difficult to determine because each of the three polyaux- 
otrophs was essentially avirulent whether or not it carried the HSV TK 
plasmid. Whether the plasmid-bearing strains were less virulent than 
plasmid-free strains was not determined in an LD50 study. Plasmid- 
bearing strains were able to target and amplify within tumors, as did 
plasmid-free strains in vivo, and were also similar to the plasmid-free 
strains in expression of the aerobic hyperinvasive phenotype in vitro. 
With the inherent difference in tumor suppression between plasmid- 



bearing and plasmid-free strains, the most meaningful comparisons 
that support a GCV effect were those that contrasted a single strain 
without the HSV TK plasmid, showing no effect of GCV, and the 
same strain with the plasmid, showing an effect of GCV (Fig. 5). With 
this in mind, YS721 l/p5-3 was chosen for the HSV TK/GCV exper- 
iments because, when used alone, it was of intermediate antitumor 
potency compared to the other polyauxotrophs, allowing for further 
assessment of GCV effects. With this strain, we were able to demon- 
strate a HSV TK/GCV-dependent retardation of tumor growth and 
prolongation of survival (Fig. 5 and Tables 5 and 6). Thus, demon- 
stration of GCV activation was achieved, although little is yet known 
about the underiying mechanisms. Our microscopic studies demon- 
strated bacteria in great numbers in necrotic areas of tumors, but 
bacteria also invaded cells of the necrotic margins (Fig. 2). From other 
studies, we would expect that GCV was phosphorylated by bacteria 
within these invaded tumor cells, perhaps ultimately being passed 
through gap junctions to adjacent cells (25-29). 

Numerous physical barriers exist in the delivery of therapeutic 
agents to solid tumors that can compromise the effectiveness not 
only of drugs but also of antibodies, cytokines, and viruses as 
therapeutic agents or delivery systems (1). Our results indicate that 
Salmonella have several advantages that overcome such delivery 
problems. It should also be noted that therapeutic use of live 
bacteria has been reported previously. For example, in 1947, 
Parker et al. (42) showed that direct injection of spores of Clos- 
tridium histolyticus into a transplantable sarcoma growing in a 
mouse caused oncolysis and regression of the tumor. In a study 
with attenuated Aro~ Salmonella and plasmacytoma-bearing mice, 
i,p. and i.t. injections of bacteria suppressed tumor growth and 
prolonged survival of mice, with results similar in magnitude to 
ours reported here for, melanoma cells (45). In dsxoxhtx Salmonella 
study, an attenuated. strain secreting human interleukin-2 decreased 
hepatic metastases >in' a murine MCA-38 adenocarcinoma hepatic 
metastases model (46, 47). In these latter two studies, the effects of 
the bacteria were attributed to their action as immunostimulatory 
agents rather than as direct antitumor agents, and tumor targeting 
of the bacteria was not reported. In other examples. Salmonella 
typhimurium (48-50), Listeria monocytogenes (51, 52), Shigella 
flexneri (53), and Clostridium beijerihck (54, 55) have been 
developed for delivery of foreign genes or proteins to mammalian 
cells in vitro and in vivo. However, we feel that Salmonella has the 
combined advantages of these systems for tumor therapy. Com- 
pared to "attenuated pathogens,'* including Salmonella, Shigella, 
and Listeria, in which live organisms are used to deliver therapeu- 
tic proteins and antigens, the Salmonella described herein represent 
a significant advance in allowing the direct delivery of therapeutic 
agents to the target, i.e., malignant tumors. From a perspective of 
"targeted bacteria," which includes Clostridia, genetically modi- 
fied Salmonella are an notable expansion of the field because of the 
numerous genetic techniques available for the Enterobacteriaceae . 
In other aspects, Clostridia only grow in anaerobic tissues, 
whereas the Salmonella developed in this study proliferate and 
invade mammalian cells under both aerobic and anaerobic condi- 
tions, such as found within solid tumors. From the perspective of 
gene therapy, the ability of Salmonella to target multiple tumors 
from distant sites offers a significant improvement over the many 
gene therapies limited to local regional administration {e.g., Refs. 
27 and 56). With engineered Salmonella, a major series of 
improvements in the bacterium is evident that could result in 
highly selective targeting and effective prodrug enzyme therapy in 
vivo. Collectively, our findings demonstrate potential new vectors 
for tumor-targeted cancer therapeutics. 
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Antitumor Effect of VNP20009, an Attenuated Salmonella, 
in Murine Tumor Models 
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VNP20009, a genetically modified strain of Salmonella typhimurium with deletions in the msbB and purl loci, exhibited 
antitumor activities when given syslemically to tumor-bearing mice. VNP20009 inhibited the growth of subcutaneously 
implanted B16F10 murine melanoma, and the human tumor xenografts LoXvDLD-1, A549, WiDr, HTB177, and MDA- 
MB-231. A single intravenous injection of VNP2(X)09, at doses ranging from 1 x lO" to 3 x 10* cfu/mousc, produced 
tumor growth inhibitions of 57-95%. Tumor volume doubling time, another indicator for tumor growth inhibition, also 
significantly increased in mice treated with VNP20009. Using mice with immune system deficiencies, we also demon- 
strated that the antitumor effects of VNP2O009 did not depend on the presence of T and B cells. In addition, VNP20009, 
given intravenously, inhibited the growth of lung metastases In mice. Only live bacteria showed the antitumor effect. 

Key words: VNP20009; Salmonella typhimurium; Murine tumor model; Antitumor effect 



It has long been known that tumor regression occasion- 
ally occtirs in patients with bacterial infections (1). An 
infection arising from a tumor may be the first clinical 
manifestation of neoplastic disease (2). Numerous clini- 
cal reports describe patients with tumors infected by 
bacteria, frequently Salmonella (3—6). For example, Giel 
(4) described an abscess in a pheochromocytoma con- 
taining 90 cc of thick, yellow pus encapsulated by a thin 
sphere consisting of a few layers of tumor cells. The 
bacteria were later identified as S. typhimurium. 

The use of bacterial products for cancer treatment 
dates back to the early 1900s. William B. Co ley, who 
was then a surgeon at Memorial Hospital, now Memo- 
rial SIoan-Kettering Cancer Center, observed that pa- 
tients with sarcoma responded better after surgery if they 
developed severe postoperative infections. Coley later 
developed a regimen containing bacterial cell wall 
components for the treatment of cancer (7). The grain- 
positive bacterium Clostridium was evaluated as an anti- 
cancer agent in clinical trials in the 1970s. Although in 
many cases Clostridium was recovered from tumors and 
oncolysis was observed, these clinical trials were subse- 
quently discontinued because they failed to produce 
clinical benefits to patients (8). BaciUe Calmette-Guerin 
(BCG^). another viable bacterium, is being used for the 
treatment of superficial bladder carcinoma in humans. 
BCG, an attenuated, avirulent strain of Mycobacterium 
bovis, is administered by urethral catheterization at peri- 
odic intervals for up to 24 months. In patients with blad- 
der cancer, BCG treatment achieves complete responses 
in greater than 60% of the patients (9). 

These reports suggest that bacteria could serve as 



anticancer agents if their virulence were controlled. 
S. typhimurium, if attenuated, can be safely administered 
to animals to retard tumor growth in murine tumor mod- 
els. Avirulent strains of Salmonella have been developed 
as vaccines for the prevention of bacterial infections 
(10,11). A viable S. typhi vaccine, Ty21a, has been ap- 
proved for the prevention of typhoid fever in humans 
(12). In addition to serving as vaccines against Salmo- 
nellosis, attenuated strains of Salmonella have been used 
for expressing and delivering heterologous proteins to 
the immune system. This approach may eventually be 
developed for combating infections and cancer (13,14). 
Using an aro4-muiant SL3225, Eisenstein et al. (14) re- 
ported tumor inhibition of a plasmacytoma by either in- 
traperitoneal or intralesional injection of the attenuated 
bacteria. Similar results have been obtained by Pawelek 
et al. (15) using other auxotrophic mutants of 5. typhi- 
murium. To overcome the propensity of grain-negative 
bacteria to induce septic shock in animals. Low et al. 
(16) constructed an attenuated S. typhimurium by delet- 
ing the msbB gene, which encodes the enzyme involved 
in the terminal myristoylation of lipid A. The mutated 
bacteria lost the capability to induce tumor necrosis fac- 
tor- a (TNF-a), both in vitro and in vivo, and their 
pathogenicity was greatly reduced. These bacteria also 
exhibited the characteristics of preferential accumulation 
in tumors and inhibition of tumor growth. 

We report here that VNP20009, an attenuated strain 
of S. typhimurium with deletions in the msbB and purl 
loci, suppresses the growth of subcutaneously implanted 
tumors and lung metastases. We also show that the anti- 
tumor effects of VNP20009 do not depend on the pres- 
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ence of T and B veils, and only live bacteria exhibit the 
antitumor effect. 

MATERIALS AND METHODS 

Cell Culture Conditions 

All cell lines were maintained at 37 ± 2^*0 in a hu- 
midified atmosphere containing 5% CO2. Bi6F10 mu- 
rine melanoma^ DLD-1 human colon carcinoma, A549 
human lung carcinoma cells, HTB177 human lung carci- 
noma cells, Lox human melanoma, and MDA-MB-231 
human breast carcinoma cells were cultured in Dulbec- 
co's modified Eagle's medium supplemented with 10% 
fetal bovine scrum. WiDr human colon carcinoma cells 
were maintained in Eagle's minimum essential medium, 
containing Earle's salts, and supplemented with both 
nonessential amino acids and 1 0% fetal bovine serum. 

Tumor Cell Implantation 

Solid tumor models were obtained by SC injection of 
tumor cells in the right hind flank of C57BL/6, athymic 
nude, or SCID mice. For tumor implantation, cells were 
detached from the flask by trypsinization, washed, and 
suspended in PBS to a cell density of 5 x 10^ cells/ml 
(B16FI0 cells), 7 X lO' cells/ml (DLD-1 cells), 5 x lO' 
cells/ml (WiDr, A549, HTB177 cells), and 4.5 X lO' 
cells/ml (MDA-MB-231 cells). A 0.1 ml bolus of cell 
suspension, giving a total of 5 x 10^ cells (B16F10), 7 x 
10** cells (DLD-1), 5 X 10^ cells (WiDr, A549, HTB177), 
or a 0.2 ml bolus, giving a total of 9 x 10^ cells (MDA- 
MB-231), was injected SC into the right flank. Animals 
were immediately randomized and arranged into groups 
of 5-10 animals per group. Experimental lung metasta- 
ses were produced by IV injection of 1.5 x 10^ B16F10 
murine melanoma cells through the lateral tail vein into 
C57BL/6 and athymic nude mice. Animals were identi- 
fied by ear tags. 

Treatment of Mice With VNP20009 

VNP20009 was grown as a liquid culture to an ODgoo == 
0.8 by suspending a single colony into 25 ml of Luria- 
Bertani (LB) broth. The suspension was diluted in PBS 
before use, based on 1 OD = 1 x lO' colony forming unit 
(cfu)/ml. Solid tumors were staged for 6-24 days prior 
to bacterial inoculation. A 0.2-ml bolus of the PBS- 
diluted bacterial suspension was administered IV via the 
lateral tail vein. Each mouse received approximately 1 x 
lO'* to 3 x 10^ cfu of VNP20009. Mice bearing lung me- 
tastases were treated with a 0.2-ml bolus of live 
VNP20G09 (containing 2x 10^ cfu) or dead VNP20009 
(containing 2x10^ cfu) 5 days after tumor inoculation. 
Actual doses were detennined by plating the dosing so- 
lution on LB agar plates, and colonies were enumerated 
after overnight incubation at 37°C. Cyclophosphamide 
(Sigma, Milwaukee, WI), used as a positive control, was 
given IP at a dosing schedule of 200 mg/kg, once week- 
ly for 3 weeks. In some experiments, SCID mice receiv- 
ing VNP20009 also received oral ciprofloxacin, 100 mg/ 
kg, twice daily for 5 days. In comparison studies, killed 
VNP20009 was prepared by autoclaving the bacteria for 
20 min, and lack of viabihty was confirmed by plating. 



Tumor Measurements 

Tumor size was determined from measurements ob- 
tained with electronic calipers along three axes: length 
(L), width (W), and height (H). The volume of the tumor 
was calculated using the following formula: tumor vol- 
ume = (L x W X H)/2. The mean tumor volume and 
standard deviation of all animals comprising each group 
were determined. Tumor volume of individual animals 
from control and treated groups at the end of experiment 
was also analyzed with the Student's Mest. Lungs with 
metastases taken from mice were weighed and photo- 
graphed. 

Histopathological Studies 

To analyze mechanisms involved in the observed an- 
titumor effects, B16F10 tumors that were treated with 
PBS or VNP20009 were removed from mice 3-1 1 days 
after treatment and fixed with 4% buffered formalin. 
The specimens were embedded in paraffin, and 6-p.m- 
thick sections were stained sequentially with H«&E for 
rxucroscopic examination. 

Animal Care 

All animals were treated, fed, housed, and handled 
according to guidelines established by the National Re- 
search Council. The animals used in this study were ob- 
tained from Charles River Laboratories (Wilmington, 
MA). Animals selected in this study were as uniform in 
age and weight as possible. They were approximately 
8-10 weeks of age, and their body weights ranged from 
18 to 22 g. Animals were housed in plastic cages with 
stainless steel covers and were identified by an ear tag. 
Five mice were housed in each cage. Mouse Chow food 
was available ad libitum via food hoppers. Tap water 
was provided in glass botties ad libitum. All animals 
were kept in a well- ventilated room where a 12-h light/ 
12-h dark photoperiod was maintained. Room tempera- 
ture was maintained at 72 ± 2°F. At the end of the study, 
animals were euthanized in a dry ice-containing 
chamber. 

RESULTS 

The ability of VNP20009 to inhibit nimor growtii 
was examined over a dose range of 1 X lO" to 1 x 10^ 
cfu/mouse in the SC B16F10 melanoma model. Mice 
were administered VNP20009 IV on day 7, and tumor 
volumes were measured on days 10, 13. 17, and 20 
(Fig. 1). The differences observed between individual 
groups were deemed significant when analyzed by the 
Student* s two-tailed f-test. All doses were found to give 
significant antitumor activity (P<0.01). A single dose 
of VNP20009 at 1 x 10^cfu/mouse produced responses 
equivalent to, or better than, the antitumor drug cyclo- 
phosphamide, which was given three times during the 
course of treatment. 

Figure 2 demonstrates that VNP20009 inhibited the 
growth of B16F10 melanoma implanted into immuno- 
competent C57BL/6 (Fig. 2A), athymic nude (Fig. 2B), 
or SCID mice (Fig. 2C). A single injection of VNP20009 
produced a tumor growth inhibition of 85% or more re- 
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Figure 1. Tumor growth inhibition of Bt6F10 melanoma by VNP20009. A single dose of 
VNP20009 (from 1 X 10"* to t X 10^ cfu/mouse) was injected TV into mice 7 days after tumoi 
implantation. Cyclophosphamide was given IP at 200 mpk on days 7. 14, and 2L **/'< 0.01). 



gardless of strain of mice used. SCID mice were sensi- 
tive to VNP20009 treatment, and started dying 7 days 
after bacterial injection when no antibiotics were given- 
No mortality or weight loss was noted in C57B/6 or 
athymic nude mice treated with VNP20009. Significant 
antitumor activities (P<0.0\, t-t&si) were recorded in 
all the treated groups. 

Athymic nude mice bearing A549, WiDr, or DLD-1 
tumors were treated with VNP20009 at a dose of 2 x 10*^ 
cfu/mouse on day 6 (A549), day 8 (WiDr), or day 13 
(DLD-1). A single injection of VNP20009 caused sig- 
nificant and sustained tumor growth inhibitions of 54%, 
65%, and 74% for A549, WiDr, and DLD-1, respec- 
tively (Fig. 3). MDA-MB-231 tumors grew in nude mice 
and were staged for 24 days before dosing. Similar re- 
sults were obtained, with a single dose of VNP20009 
inhibiting the growth of MDA-MB-231 tumors more 
than 70%. HTB177 lung carcinoma staged to 11 days 
after implantation into SCID mice was treated with a 
dose of 1 X 1 0* cfu/mouse. This dose of VNP20009 pro- 
duced a 94% mmor growth inhibition at the 10-day in- 
terval (Fig. 3E). The experiment was terminated on day 
20 because of the death of animals caused by bacterial 
infection. VNP20009 inhibited tumor growth regardless 
of size of tumors at the time of treatment (0.05-0.3 g). 
It was equally efficacious in inhibiting fast (B16F10, 
Lox) or slow growing (MDA-MB-231, DLD-1) tumors. 

In another experiment using SCID mice bearing Lox 
human melanoma, the antibiotic ciprofloxacin was given 
to mice receiving VNP20009. All the SCID mice treated 
with VNP20009 alone died before day 15 (i.e., 10 days 
after VNP20009 dosing). In contrast, all the mice sur- 
vived that received ciprofloxacin 4 days after VNP20009 
treatment. In addition, a very significant delay of tumor 
growth was observed in animals receiving VNP20009 
alone or VNP20009 plus ciprofloxacin (Fig. 3F). Tumor 
volume doubling time in treated animals was signifi- 



cantly increased compared with vehicle-treated controls. 

VNP20009, at a dose of 2 x 10^ cfu/mouse injected 
IV, inhibited the growth of lung metastases compared 
with untreated controls (Fig. 4). Similar experiments 
carried out in athymic nude, SCID, and beige mice 
produced comparable results. In addition, only viable 
bacteria inhibited the growth of lung metastases. When 
VNP20009 was heat inactivated, even if given at a 
higher amount, no antitumnor effects were observed 
(Fig. 5). 

Tumor sections were prepared from untreated mice 
and mice treated with VNP20009 for various days. At 
least three tumors for each time point and 20 slides from 
each tumor were examined for the presence or absence 
of necrosis and infiltrating cells. Sections taken from tu- 
mors treated with VNP20009 revealed a massive infil- 
tration of immune cells accompanied with an extensive 
necrosis in the central part of the tumors. Significant 
tumor necrosis (over 70% surface of mmor tissue) was 
found in mice treated with VNP20009 for 7 days, com- 
pared with PBS-treated control mice (Fig. 6). The dead 
and dying tumor cells were stained with bright red color, 
characterized with an increase in cell size and the disin- 
tegration of the nuclei. Infiltrating cells formed a zone 
surrounding the necrotic center of the tumor (Fig. 6A). 
Most of infiltrating cells, at higher magnification, were 
shown to be neutrophils with horseshoe-shaped nuclei 
(Fig. 6B). In contrast, tumors obtained from mice treated 
with PBS (Fig. 6C) revealed a relatively low level of 
necrosis at the center (less than 5% surface of tumor 
section) and with only a few infiltrating immune cells 
(Fig. 6D). 

DISCUSSION 

In previous studies, we have demonstrated that a sin- 
gle dose of YS1629, a msbB knockout mutant, is highly 
effective in inhibiting the growth of B16 murine mela- 
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Figure 2. Antitumor effect of VNP20009 on B16F10 mela- 
noma implanted in immunocompetent C57BL/6 (A), athymic 
nude (B), and SCID mice (C). VNP20009. at a dose of 2 x 10*^ 
cfu/mouse was injected IV into tumor-bearing mice 7-9 days 
after tumor implantation. **P < 0,01 . 



noma (15). In this report, we further demonstrate that a 
single dose of VNP20009, a tetracycline-sensitivc, mshB 
and purl knockout mutant, is also capable of suppressing 
tumor growth in human tumor xenograft models repre- 
senting melanoma and lung, breast, and colon cancer. 
Similar to previous observations with B16F10 mela- 
noma, a single dose of VNP20009 inhibited tumor growth, 
consistent with an ability of VNP20009 to persist within 
tumor xenografts (17). Only a slight dose-response cor- 
relation was observed between VNP20009 levels and tu- 
mor inhibition in B16F10 melanoma, because VNP20009 
replicates within the tumor, producing a greater than ex- 
pected potency at lower doses (18). The antitumor activ- 
ity of VNP20009, at the dose of 1 x lO' cfu/mouse, is 
superior to that induced by the antitumor drug cyclo- 
phosphamide, which has been given at the optimal dos- 
ing schedule for this tumor. 

Toxicology study of the VNP20009 revealed that 
SCID mice were approximately 5- to 50-fold less toler- 
ant compared with immune-competent mice (data not 
shown), which was consistent with the enhanced sensi- 
tivity of SCID mice to Salmonella infection previously 
reported with other attenuated Salmanella strains (19), 
Athymic CD-I nude mice and immune-competent CD- 
1 mice had similar LDjt, values for VNP20009 (data not 
shown). These data suggest that B cells may be involved 
in the clearance of VNP20009. Without receiving treat- 
ment of ciprofloxacin, SCID mice succumbed to bacte- 
rial infections and began to die 10 days after VNP20009 
dosing- Nevertheless, VNP20009-mediated mortality in 
SCID mice could be completely prevented by antibiotic 
administration, without affecting the antitumor efficacy. 
Number of bacteria in both liver and tumor decreased 
by 90% to 99% with the current dosing schedule during 
antibiotic treatment but returned to normal levels a few 
days after treatment ended (data not shown). Page- 
Clisson et al. (20) reported similar results that ciproflox- 
acin could not completely eradicate the persistence of 
S. typhimurium in liver and spleen. It should also be 
noted that VNP20009 inhibited tumor growth in immu- 
nocompromised mice with T-cell and B-cell deficien- 
cies. Using an experimental metastasis model, we dem- 
onstrated that the antitumor activity of VNP20009 may 
not require T cells, B cells, and natural killer cells (un- 
published data). Schafer et al. (21) reported that hve, 
attenuated Salmonella was capable of inducing tumorici- 
dal macrophages in C3H/HeJ mice, whereas BCG was 
not effective in that strain of mice. Our finding that only 
viable VNP20009 shows antitumor effects suggests that 
die antitumor mechanism of VNP20009 differs firom that 
of BCG. 

The mechanisms involved in tumor growth inhibition 
by VNP20009 are not completely understood. It is possi- 
ble that some cell wall components of live 5. typhimu- 
rium are cytotoxic to mammalian cells and induce apop- 
tosis in macrophages and granulocytes (22). Galan and 
his coworkers suggested that a type lU secretion system 
is responsible for the Salmonella-indxiccd apoptosis in 
cultured mammalian cells (23). VNP20009 accumulated 
at high levels inside the tumor mass, which could induce 
low levels of cytokines, such as TNF-a in situ that elic- 
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Figure 3. AiUitumor effect of VNP20009 on human tumor xcnografLs. (A) A549, (B) WiDr, (C) lVIDA-MD-231, (D) D1.-D-1, (E) 
HTBI77, nnd (F) Lox cells implanted into either athymic or SCID mice. VNP20009 was given IV at doses ranging from I x 10^ 
to 3 X 10'' ciWmouse 6 to 24 days after tumor implantation. 0.05; '**P < O.OL 
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t'igure 4, Growth inhibition ol king nnctastases by VN1^(X)09. A single IV injection of VNP20009 at 2 x 10*^ cfu/niouse 
given lo C37BL/6 mice 5 days after inoculation of B16FI() cells. (A) PBS control, (B) VNI*20009 treatment. 



its an antitumor activity. Other possible mechanisms 
may include competition between bacteria and tumor 
cells for nutrients and oxygen. Histolgic evaluation re- 
vealed the presence ol" VNP2()009 in both the necrotic 
center and peripheral portion of the tumor (17). We have 
further demonstrated in this study that significant lumoi 
necrosis occurred in treated but not untreated mice. In 
the treated mice, tumor necrosis was also accompanied 
with a massive infillralion of immune cells including 
neutrophils. The contribution of these factors to the anti- 
tumor activhy of VNP20009 is unknown and remains to 
be elucidated. 

Unlike Clostridium, which is an obligate anaerobe 
and colonized only in hypoxic and necrotic areas of 
tumors. S. typhimurium is a facultative anaerot>e and is 
distributed homogeneously throughout die entire tumor 
and is accumulated in lutnors as small as 0.1 g (24). 
Clostridium accumulated and exerted its oncolytic ef- 
fects only in large tumors (8,25,26); tumor size ranging 
from approximately 0.7 g (26) to 1 .4 g (25) was needed 
to allow germination of the bacteria and the subsequent 



lysis of tumors. Using Sarcoma 180 SC implanlcd in 
Taconic Farms Swiss female mice, Thiele et al. (25) re- 
ported thai tumors of 0.6 g and below were less effica- 
cious in accumulating Clostridium. In contrast, we dem- 
onstrate here that VNP20009 has antitumor activity 
against small tumors, with tumor size ranging from 0.05 
to 0.3 g at the time of treatment in various murine tumor 
models. VNP200()9 accumulated efficiently in SC im- 
planted B16F10 melanomas with size I g or above but 
antitumor activity has not been evaluated under these 
conditions. VNP20009 has been attenuated at least 
10,000-fold compared with the activity of the parental 
wild-type Salmonella strain in immunocompetent 
C57BL/6 mice (27). Our studies suggest that T-cell-defi- 
cient nude mice arc not overly sensitive to VNP20009, 
in contrast to studies using mice with both T-ccll and B- 
cell deficiency. These results arc consistent with a previ- 
ous report demonstrating that mcxtcrate immunodeficien- 
cy, resulting froin sublethal irradiation of BALB/c mice, 
does not cause an increase in susceptibility to an attenu- 
ated ar(>4~sXrdm of Salmonella (28). VNP20009 is well 




Figure 5. Tumor growth inhibition of lung metastases by live or dead VNP20009. A single IV injection of live VNP20U09 at 2 x 
10 cfu/niouse or dead VNP2(K)09 at 2 x lO" was given to athymic nude mice 5 days after inoculation of B16F10 cells (A) PBS 
control, (B) dead VNP20009 treatment, and (C) live VNP20009 trcalmeni. 
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Figure 6. Histologic evaluation of VNP20009 ia murine 1J16I'10 mclaaoina. Ai low inagniflcaiion (xlOO) of VN1*2<)(K)9- Healed 
group (A), tumor was taken from mice treated with VNP2O0O9 at 18 days after tumor impiantation and 7 <lays after bacierial 
treatment. The periphery of the tumor (p) consisted with tumor cells, host fibroblasts, and infiltrating cells. A layer of infiltrating 
cells (i) surrounded the dead and dying tumor cells (red color), which represents the necrotic center ol the tumor (n). At hijzher 
magnification (x400) of VNP20009-lreatcd group (B), most of infiltrating cells were shown to possess hoiscshoc-shaped nuclei 
and were identified as neutrophils. In PBvS-treatcd conuol imcxi (C), very few neciolic cells (xl()0) and iiilillratine cells CD) were 
found in the tumor tissue (t) (x400). 
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tolerated in nonhuman primates; the highest nontoxic 
dose via IV injection is 2.5 x \ {f cfu/kg (18,27). The 
probability of VNP2()009 reverting to wild-type bacteria 
is unlikely, because VNP20CK)9 was attenuated by delet- 
ing both the mshS and purl genes from the bacterial 
genome. Because of its potent inhibitory effect in a wide 
spectrum of human tumor xenografts and its relatively 
nontoxic characteristics in nonhuman primates, VNP200()9 
is currently being evaluated as a potential antitumor 
agent in humans. Moreover, VNP2()009 preferentially 
accumulated in tumor tissues, reaching levels as high as 
1 X 10^ cfu/g tumor, a concentration 1000 limes higher 
than that found in liver and other normal tissues (17). 
The use of VNP20009 as a tumor- selective vector to 
deliver cytosinc deaminase to tumors is cuircntly being 
evaluated in human clinical trials (29). 

RKFERENCES 

J Nauls, H ; Swifi, W .: Coley, B. The treatmenl of malignant tumors 
by l>acterial loxins as developed by tlie late Wiliiiun B Colcy MO, 
reviewed in the light of modem research Cancer Res 6:205 - 216; 
1946. 

2. Gill, G ; Holdeii, A. A malignant pleural elfusion in Peeled witli 
Salnumcila enieritiJis. Thorax 51:104-105; 1996. 

3 Billings, I*. C ; Uwaifo, A, O.; Heidelberger, C Influence of 
bcn/.oflavuiie on aflaloxin B 1 induced cyloloxicity, mutation, and 
translomiauon of C3tH/U) ri/2 cells. Cancer Res 43:2659 2663; 
1983. 

4. Giel, C, Abscess formation in a phcochn)mocytoma. N. Engl. J. 
Med. 251:980-982; 1954. 

5. Gnihwn, F.; Coleman, P. In feel ion of a secondary carcinoma by 
SalffU)ncifa monievideo. Br Med. J 1:11-16; 1952. 

6- Wolfe, J A. Palaeolxitanieal evidence for a marked temperature 
increase following ihc cretaceous/ tertiary boundary. Nature 343: 
153-156; 1990. 

7. Colcy, W. The cancer symposium al L-ake Mohonk. Am. J, Surg 
1:22-23; 1926. 

8. Carey, R.; Holland, J.; Whang, H.; Nctcr, E ; Biyant, B. ClosUid- 
ial i)ncolysis in man. Eur. J. Cancer 3:37-46; 1967. 

9. Fribcrg, S. BCG in the treatment of superficial cancer of the blad- 
der: A review. Med. OncoK Tumor PhtU-jnacothcr. 10:31-36; 
1993. 

10. Hoiseth, S. K.; »Stocker, B A. Aromatic dependcnl Salmonella 
typhitnurium are non- virulent and effective as live vaccines. Na- 
ture 291:238-239; 1981. 

11. O'Callaghan, D.; Maskcll, D.; Liew, F. Y; Hasmon, C. F ; 
Dougan, G. Chaiacterization of aromatic- and purinc-dependent 
Salmonella typlunmrium attenuation, persistence, and ability to in- 
duce protective immunity in Balb/c mice. Infect. Inunun. 56:419 - 
423; 1988. 

12_ Levin, M,; Tieriinglon, D.; Murphy, J ; Morris, J.; J^osonsky, G.\ 
Tatl, H.; Lindberg, A.; Svenson, S-; Baqar, S.; Edwards, M.; 
Slocker, B. Safety, infectivity, immumogenicily, and in vivo sta- 
bility of two attenuated auxouophic mutant strains of Salmonella 
typhi. 1. Clin. Invest. 79:888-902; 1987. 

13. Strugnell, R. A.; Maskell, O.; Fairweather, N.; Pickard, D.; Cock- 
ayne, A.; Penn, C; Dougan, G. Stable expression of foreign anti- 
gens from the chromosome of Salmonella typhtmurium vaccine 
strains. Gene 88:57-63; 1990. 



14, Eiscnstein, T. K.; Hushnell, B.; Meisslcr, J. J., Jr.; Dalai, N.; 
Schafer, R.; Havas, 11. F. Immunotherapy of a plasmacytoma with 
auemnited Salmonella Med. Oncol 12:103-108; 1995. 

15- Pawelek, J. M.; Low, K. B.; Bcrmudes, D. Tumor-targeted Salmo- 
nella as a novel anticancer vector. Cancer Res. 57:4537-4544; 
1997. 

16. Low, K B.; Ittensohn, M.; Le, T ; Piatt, J .; Sodi, S.; Amoss, M.; 
Ash, ().; Carmichacl, E.; Ch;ikraborty, A ; Fischer, J.; Lin, S. L.; 
Luo, X.; Miller. S. L; Zheng, L.; King, I.; Paweiek, 1. M ; Ber- 
mudes, O- Lipid A mutant Salmonella with suppressed vijulcnce 
and 'INFalpha induction retain tumor- targeting in vivo. Nat Bio- 
technol. 17:37-41; 1999. 

17. Zheng, L M.; Luo, X.; Feng, M ; Li, Z.; T ; Ittensohn. M.; 
Trailsmilh, M ; Bertnudes, D.; Lin, S. L.; King, f. C. Tumor am- 
plified protein expression therapy: Salmonella as a tumor-selective 
protein dcliveiy vector. Oncol. Res. 12:127 -135: 2000. 

18. Clairmont, C; Lee, K C; Pike, J ; Ittensohn. M.; Low, K. B.; 
i*awelek, J.; Ben nudes, D.; Brechei, S. M.; MiU-gitich, D ; I'urnier, 
f ; Li. Z ; Luo, X ; King, I.; Zheng. L. M Riodistribution and 
genetic stability of the novel antitumor agent VNP20009, a geneti- 
cally modified strain of Salmonella typhimuriiun. J. Infect. Dis 
181:1996-2002; 2000. 

19. Guilloteau. L. A.; Lax, A, L; Maclntyrc, S ; Wallis, T S. The 
Salmonella dublin viiulence plasmid does not modulate early 
T-ccll responses in mice. Infect. Immun. 64:222-229; 1996. 

20. Page-CIisson, M. E.; Pinto-Alphaiidary, H.; Chachaty, E.; 
Couvrcur, P.; Andremont, A. Onig targeting by polyalkylcyano- 
aerylate na no particles is not efficient against persistent Salmo- 
nella. Pharm. Res. 15:544-549; 1998. 

21. Schafer, R ; Nacy, C. A.; Eisenstein, T K Induction of activated 
macrophages in CBH/HcJ mice by a virulent Salmonella. J. Immu- 
nol. 140:1638-1644; 1988. 

22. Chen, J.; Sun. Y ; Nubel, G 1 Regulation of the proinflannnatory 
effects of Fas ligand CD95L. Science 282:1714-1717; 1998. 

23- Haidt, W.; Urlaub, H.; Gal an, 1, A substrate of t lie centisomc 63 
type til protein secretion system of Salmonella typhimurium is 
encoded by a cryptic bacteriophage. Proc Natl. Acad. Sci. USA 
95:2574-2579: 1998, 

24. Lanibin, P.; Nuyts, S.; Landuyl, W.; Theys, J.; De Bruijn, B.; 
Anne, J.; Van Mellaeit, L.; Fowler, I. The potential therapeutic 
gaiit of radiatiou-associaled gene tlierapy with the suicide gene 
cytosinc deaminase. Int. J. Radial. Biol. 76:285-293; 2000 

25 Thicle, E.; Arison, R.; Boxer, G. Oncolysis by Clostridia )V Ef- 
fect of nonpathogenic clostridial spores in nonnal and pathologi- 
cal tissues. Cancer Res 24:234 -238; 1963 

26 Dang, L. H.; Bettegowda, C; Huso, D L.; Kinzlci, K. W.; Vo- 
gclstein, B. Combination bacteriolytic therapy for the treatment of 
experimental tumors. Proc. Natl. Acad. Sci. USA 27:27; 2001. 

27. Lee, K; Zheng, L M.; Luo. X.; Clairmont, C ; Fischer, J.; Margit- 
ich, D.; Tumicr, X; Almassian, B.; King, I Comparative toxicolog- 
ical evaluation in monkeys, pigs, and mice, of a genetically -engi- 
neered Sahnonella VNI^0009 being developed as an anti-tumor 
agent. Int. J. Toxicol. 19:19-25; 2000. 

28. Tzhiu-, M.; DeSilva, L.; loysey, H. S.; Hormaeche, C. E. Moderate 
innimnodcFiciency does not increase susceptibility to SaJmonella 
typhimurium iiroA live vaccines in mice. Infect. Imniun. 58:2258- 
2261; 1990 

29. Cunningham, C; Nemunaitis, J. A pliase 1 (rial of genetically 
modified Salmonella typhimurium expressing cytosine deaminase 
(TA PET-CD, VNP20629) administered by intratumoral injection 
in combination with 5-nuorocytosine for patients with advanced 
or metastatic cancer. Protocol No: CL-017. Version: April 9, 
2001 . Hum. Gene Ther. 12:1594-1596; 2001. 



Express Mail No.: EL 501 634 975 US 
MTHE UNITED STATFS PAT ENT AND TRADEMARK OFFTrF 
Application of: Paweleketal. 

Application No.: 09/358.052 Group Art Unit 1636 

Filed: July 21. 1999 Examinen Sandals. W.* 

Fon VECTORS FOR THE DIAGNOSIS Attorney Docket No.: 8002-051 
AND TREATMENT OF SOLID 
TUMORS INCLUDING 
MELANOMA 

PECLARATION OF DR. DAVTD RF R MUDES f TINDER 37 CJP.Tt. § 1 .1^? 

Assistant Commissioner for Patents 
Washington. D.C. 20231 

Sin 

I, DAVID BERMUDES. do declare and state that: 

1. I am a resident ofthe United States, residing at 524 N. Main Street, 
Wallingford, Connecticut. 06492. 

2. I presently hold the position of Director of Microbiology at Vion 
Pharmaceuticals. Inc., which position I have held since 1999. I am also currently an 
Assistant Professor. Adjunct. Department of Internal Medicine, Yale University School of 
Medicine (1996-Present). I held the positions of Associate Director of Biology at Vion 
Pharmaceuticals, Inc. from 1997-1999; Senior Research Scientist at Vion Pharmaceuticals, 
Inc. from 1993-1995; Associate Research Scientist. Department of Internal Medicine. Yale 
University School of Medicine from 1993-1995; post doctoral associate at Yale University 
from 1991-1993; and post doctoral associate at Medical College of Wisconsin from 1989- 
1991. 



Ny2.iii«zse.i 



3. I received the degree of Doctor of Philosophy in Cell and Molecular Biology 
ftom Boston University in 1987; and a BA m Biology firom Oberlin College in 1982. 

4. I am a co-inventor ofdie present application. I have read and am ^miliar 
wifli Ae specification of ihe above-identified application. I have beien informed that claims 
of the above-identified patent application relating to use of tumor-targeted microorganisms 
are subject to a rejection based on lack of enablement because it is alleged that the 
specification does not enable practice of the claimed methods with ^notk-Scdmonella^ 
fnicaroorganisms. 

5 * The following experiments were conducted in my laboratory, by me or under 
my siqyervision, in accordance witii the teaching of the specification of fhe present 
sgiplication. In the e?q>eriments described in the following paragraphs, fhree difierent non- 
Salmonella microorganisms were used, including a strain of gram-negative Shigella species, 
te, ShigeUa flexneri which functions under both aerobic and anaerobic conditions. Listeria 
numocyU^enes (ATCC strain 43251), a gram-positive species which functions under aerobic 
and anaerobic conditions, and a gram-positive Streptococcus q^iecies, Le, Streptococcus 
a^cdactiae (ATCC strain 13813) which ftmctions under bo^ aerobic and anaerobic 
conditions. The e3q[^riments were condiicterl foflpwlng the tCTchings of the yipffcification and 
basic microbiology techniques known to individuals of ordinary skill in the art The first set 
of experiments described bQlow demonstrate that the three non-Salmonella microorganisms 
tested have tumor-targeting abilities. The second set of experiments described below 
demonstrate that non-Salmonella tumor-specific microorganisms investigated have tumor* 
inhibiting ability when administered in vivo. 

6. The following two paragrsqphs describe how illustrative non-Sabnonella 
nucroorgaiiisms were cultured prior to determining dieir tumor-targeting and/or tumor- 
inhibiting abilities. 

6.1 . A Shigella species, Le., Shigella flexnen (^Shigella^ and Listeria 
mojuxytosznes CListeri^T) were grown at 37*C eitiier in Luna broth (LB) liquid media with 
shaking at approximately 225 revolutions per minute, or on LB solid media contdning LS% 
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agar. LB consisted of 10 g tryptone, 5 g yeast extract and 10 g NaCl per liter. The pH of LB 
was adjusted to 7 using a IN solution of NaOH. Gerterally, cultures were streaked out on 
solid media and incubated until .visible growth was observed, and then introduced into liquid 
media and grown to an appropriate density before freezing in 15% glycerol at -80**C. 
Shigella was grown to an OD^oo of 1.9, corresponding to 1.03 x 10^ c.f uyml. Listeria was 
grown to an OD^ of 0.6, corresponding to 0.98 x 10* c.f.u7ml. 

6-2. A Streptococcus species, i.e.. Streptococcus agalactiae 
{^'Streptococcus'") was grown in heart brain infusion ("BHI"; Difco) liqmd media or on BHI 
solid media according to the methods described in f 6. 1, supra. Streptococcus was grown to 
an OD^ of 0.85, corresponding to an estimated 2,5 x 10* c.f.iL/mL The bacterial culture was 
used without freezing for tumor-targeting experiments 72 below). For tumor inhibition 
experiments 8.2 below). Streptococcus colonies were inoculated into liquid culture as 
described above, grown to an OD^ of 1.2, and frozen at -SO^'C in 15% glycerol, 
corresponding to 1.2 x 10* c.f.u7nil after thawing. 

7. ^ion-Salmonella Genera Target Selectively to Solid Tumors 

7.1. The experiments described below, conducted using methods taught in 
the specification (see, e.^., SectionlO.2 at page 72 and Section 23 at pages 133-134) and 
exemplified therein using Salmonella^ demonstrate that Shigella, Listeria, and Streptococcus 
preferentially replicate in tumors when administered in vivo. 

7.2. To determine the tumor-targeting capabilities of Shigella, Listeria and 
Streptococcus, the microorganisms were adnun^stered to mice having established 
melanomas, and the ratio of the concentration of microorganisms in the tumor to the 
concentration of microorganisms in the liver in each mouse was determined as detailed 
below The method of detemiining the preference of an organism for tumor versus non-tumor 
tissue employed is essentially as illustrated in the specification using Salmonella 
typhimurium (see, e.g.. Section 10.2, page 72) and Listeria monocytogenes (Section 23, pages 
133-134). 
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7.2.1. The mice were implanted with B16F10 murine melanoma 
tumor cells and the microorganisms administered'when the tumors weighed approximately 
Ig, or approximately after 14-16 days post tumor cell implantation. The use of B16F10 
murine melanoma tumor cells is described in the specification, as is a period of tumor cell 
growth prior to administration of the tumor-specific microorganisms similar to that used in 
the Shigella, Listeria and Streptococcus targeting assays, for example at page 95, Ime 19-23 
of the specification. 

< 

7.2.2. Prior to administration, fix)zen Shigella and Listeria cultures 
were thawed at room temperature and diluted into phosphate buffered saline (PBS). For 
Streptococcus administration, a fresh culture was diluted into PBS. The microorganisms 
were administered intravenously into the mice m the following amounts: 2 x 10** cf.u. of 
Shigella; 1 x 10^ or 1 x 10' cf.u. of Listeria; and 1 x lO' or 1 x 10^ cf.u. of Streptococcus. 
The amounts of microorganisms administered are similar to the experimental ranges 
exemplified in the specification for Salmonella. For example. Section 10.3.1 describes the , 
adniinistration of 7 x 10* and 7 x 10' c.f.u. of Salmonella per mouse at page 74, lines 9-10; 
Section 13.5 describes the administration of 1 x 10^ c.f.u. of Salmonella per mouse at page 
89, line 17; Section 15.1 describes the administration of 3 x 10' c.f.u. of Salmonella per 
mouse at page 93, line 29 and 3.6 x 10^ c.f.u. of Salmonella per mouse at page 94, line 19; 
Section 15.2 describes the administration of 1 x 10' c.f.iL of Salmonella per mouse at page 
95,lme23. 

7.2.3. At day 5 following administration of the microorganisms, the 
mice were sacrificed and tumors and livers harvested and homogenized. Serial dilutions of 
the homogenates were then plated to the appropriate media for each species. These 
experiments are analogous to experiments des^pribed in the specification, inter alia, at page 
75, lines 22-25, and page 109, lines 12-17. 

7.2.4. No undue experimentation was required to identify suitable 
parameters for the tumor-targeting assay or for quantifying the amount of microorganisms in 
mouse tissues. 
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7.3. The results of these experiments are shown in Table I, attached as 
Exhibit 1. These data indicate that these gram positive and gram negative bacteria, which 
function imder bofli aerobic and anaerobic conditions, have highly significant targeting ratios 
for tumors as compared to normal tissues (liver), demonstrating their suitability as tumor- 
specific vectors as defined in the specification at page 17, lines 22-28, 

8. Administration of HonSalmoneUa Genera Reduces 

Volume or Inhibits Growth of Solid Tumors 

" ■ ' ' ' « 

8.L The experiments described below, conducted using methods taught in 
the specification, inter alia at page 27, lines 7-11, page 54, lines 29-34, and page 122, line 23 
dirough page 24, line 7, demonstrate that Shigella^ Listeria, and Streptococcus are capable of 
inhibiting tumor growth in vf va. The results fiirther demonstrate that following the teachings 
of the specification, the methods for using micrporganismal species of the invention for 
reducing volxune or inhibiting growth of a solid tumor cancer can be practiced by one of 
ordinary skill in the art without undue experimentation. 

8.2. To determine the ability of the tumor-targeting Shigella, Listeria and 
Streptococcus to inhibit tumor growth, the effect of administration of the tumor-specific 
microorganisms on the growth of established melanomas was determined according to 
methods exemplified in the specification using Salmonella typhimurium {see, e.g.. Section 
16.1, page 99 and Section 16.2, page 103). The use of antibiotics in conjunction with the 
tumor-specific microorganisms is also exemplified in the specification using iSa/mone/Za 
typhimurium (see, e.g.. Section 1 1.2, pages 77-78 and Section 18.8, pages 122-124). 

8.2. 1, Mice were implanted subcutaneously with B 16F10 murine 
melanoma tumor cells (S x 10^ cells per animal). The Shigella, Listeria or Streptococcus 
were adnunistered intravenously when the tumors weighed approximately 0.3 g. Frozen 
stock of die microorganisms (See, 6.1 and 6.2 above) were thawed at room temperature 
and diluted into PBS. The microorganisms were administered intravenously into the mice in 
flie followmg amounts: 2 x 10^ c.f u. of Shigella; 1 x 10^ c.f.u. of Listeria; and 1 x 10^ c.f.u. 
of Streptococcus. 
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8.2.2. Following the first week of administration of the tumor- 
specific microorganisms, two doses (one on day 5, one on day 8 post-bacteria) of 500 mg 

ampiciUin/kgbodyweightwereadministeredtothemicethathadreceivedZtoena. Ihe 
administration of antibiotics to mice treated with non-attenuated strains of microoiganisms 
for the alleviation of systemic effects of the microorganisms is described in the specification, 
for example at page 92. lines 9-15 and page 103, lines 19-23. 

8.3. Tumor volume was monitored approximately every 5 days. Tumor 
growth is graphically depicted as tumor volume versus time in Figure 1, attached as Exhibit 
2. Tumor growth in mice receiving the tumor targeted Listeria, Shigella or Streptococcus 
was inhibited by at least approximately 40% relative to tumor growth in control ammals, and 
up to approxhnately 65% in the case of Listeria. These data indicate that fliese fecultative, 
gram positive and gram negative bacteria reduce tumor volume or inhibit tumor growth. 

9. Based on the experiments described above I conclude, and I believe one of 
ordinary skill in the art would ako conclude, that the teachings of the speci 
appUcable to non-fe/mon^/fa microorganisms. Therefore the specification provided 
sufficient guidance to identify tumor-specific non-5a/mone//a microorganisms and to 

administer the tumor-specific non-5fl/mo/ie//a microorganisms to a subject to inhibit 
growth or reduce tumor volume. Accordingly, I conclude, and I believe one of ordinary skill 
in the art would also conclude, that the claimed invention can be practiced without undue 
experimentation by following the teachings of the specification. 

10. In view of the foregoing, I conclude, and it is my considered scientific 
opinion, that the use of the tumor-specific microorganisms, including but not limited to non- 
Salmonella genera of microorganisms, for reducing volume or inhibiting growth of a tumor, 
can be practiced according to the methods described in the present application by one of 
orduiary skill in the art without undue experimentation. 

11. I declare fiirther that all statements made in this Declaration of my own 
fcnowl^ge are true and that all statements made on information and belief are beUeved to be 
true and fiirther that these statements and the like so made are punishable by fine or 
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imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize flie validity of the specification or any patent 
issuing thereon. 



Dated: 




Attachments : 
Exhibit 1: Table I 
Exhibit 2: Figure 1 
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strain Dose Tumor c.f.iiJg Liverc.f.uJ Ratio 

'(mean±S£) (mean S£) 

SfttgeOa 2x10* 6.7 ±5.8x10^ 5.5 ±5.8x10^ 120,000:1 

Listeria IxlO" 2.7±2.4xl0» 7.3 ±6.9x10* 370:1 

Listeria 1x10* 2.3 ±0.8x10' 3.1 ±1.9x10" .70:1 

Streptococcus IxlO' 6.1 ±2.9x10* 2.4 ±2.4x10' 250,000:1 

Str^tococcus 1x10* 3.0 ±1.6x10' 2.5 ±2.5x10^ 12,000,000:1 



Table L Tumor to nomial tissue (liver) relative accumulations of Shigella, Listeria, 
Streptococcus. Counts are based on colony fonning units (c.f.u.) and given as the mean 
db standard CTDor (SE). 
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Visualization of tumors and metastases in live animals 
with bacteria and vaccinia virus encoding light-emitting 
proteins 

Yong A Yu^'^, Shahrokh Shabahang\ Tatyana M Timiryasova^*^, Qian Zhang^, Richard Beltz^ Ivaylo Gentschev^, 
Werner Goebel^ & Aladar A Szalay^^^^^ 

We have shown that bacteria injected intravenously into live animals entered and replicated in solid tumors and metastases. 
The tumor-specific amplification process was visualized in real time using luciferase-catalyzed luminescence and green 
fluorescent protein fluorescence, which revealed the locations of the tumors and metastases. Escherichia co// and three 
attenuated pathogens {Vibrio cholerae. Salmonella typhimurium, and Listeria monocytogenes) all entered tumors and replicated. 
Similarly, the cytosolic vaccinia virus also showed tumor-specific replication, as visualized by real-time imaging. These findings 
indicate that neither auxotrophic mutations, nor vaccinia virus deficient for the thymidine kinase gene, nor anaerobic growth 
conditions were required for tumor specificity and intratumoral replication. We observed localization of tumors by light-emitting 
microorganisms In immunocompetent and in immunocompromised rodents with syngeneic and allogeneic tumors. Based on their 
tumor-finding' nature, bacteria and viruses may be designed to carry multiple genes for detection and treatment of cancer. 



The presence of bacteria and viruses in human tumors has been recog- 
nized for more than 50 years*. Large numbers of bacteria^'^ as well as 
viral particles have been found in tumors excised from patients'*"^. 

To demonstrate the survival of bacteria in tumors, spores of the 
obligate anaerobe Clostridium pasteurianum have been injected intra- 
venously into tumor-bearing mice and found to replicate in the 
hypoxic center of the tumor^. Intratimioral and intravenous (i.v.) 
injection of auxotrophic mutants of S. typhimurium results in elevated 
bacterial titers in the tumor tissues^. Engineered retroviral and aden- 
oviral vectors have been administered intratumorally and systemically 
to tumorous animals, resulting in reduction of tumor size^***** and 
metastatic activity^^**^**^, as well as in decreased angiogenesis^^. To 
determine the location of viral particles in rodents with tumors, vac- 
cinia virus carrying the firefly luciferase expression cassette has been 
injected intravenously**"*^. Subsequent luciferase assays of homo- 
genates of excised individual organs and tumors reveal a 3- to 500-fold 
enhancement of light emission in tumor samples, showing the accu- 
mulation of viral particles. 

To determine the spatial and temporal progression of infections in 
live animals with implanted tumors, tracing the movement of bacteria 
or virions is crucial. Isolated structural genes encoding light-emitting 
proteins, such as luciferases and fluorescent proteins ^^^'^j allow the 
detection of bacteria based on luciferase-catalyzed light emission or 
fluorescence^^^*. Transfer of the luxCDABE gene cluster^2.33 
bacteria results in continuous light emission without the need of 



exogenous substrate^. Injection of Ught-emitting bacteria allows the 
visualization and localization of bacteria in Uve mice^^, even through 
hard tissues^. The Renilla reniformis luciferase-Aeqworca * Wctoria 
green fluorescent (GFP) fiasion protein (RUC-GFP)^^'^^ allows real- 
time monitoring of gene activation in live animals based on luciferase 
aaivity and GFP fluorescence^'. The activity of the RUC-GFP expres- 
sion cassette inserted into vaccinia virus DNA {tW-RUC-GFP} has 
been imaged in both virus-infected mammalian cell cultures and in 
virus-infected live animals^. 

In this paper, we describe the monitoring of the movement of 
light-emitting bacteria and vaccinia virus from the injection site to 
tumor tissue in live animals. We show that bacteria or vaccinia virus 
survived and replicated in the tumors for weeks without causing 
bacteremia or viremia. This was observed in both immunocompro- 
mised and immunocompetent animals with allogeneic and syngeneic 
tumors. 

RESULTS 

Clearance of bacteria and vaccinia virus from nude mice 

To follow the fate of bacteria injected intravenously into the animals, 
we monitored each animal by low-Ught imaging at 2-d time intervals 
{n > 10). Injection of an attenuated S. typhimurium, an intracellular 
bacterium, immediately resulted in a disseminated light throughout 
the body of the animal (Fig. la). In contrast, injection of V: choleraey an 
extracellular bacterium, resulted in light emission localized in the liver 



^Department of Biochemistry, ^center tor Molecular Biology and Gene Therapy, School of Medicine, Loma Linda University, Loma Linda, California 92350, 
USA. ^Genelux Corp., San Diego Science Center. 3030 Bunker Hill St., Ste. 310. San Diego, California 92109, USA. Department of Microbiology. Biocenter 
SRudotf-Virchow-Center, DFG-Research Center for Experimental Biomediclne, University of Wuerzburg, Wuerzburg D97074. Germany. Correspondence should 
be addressed to A.A.S. (Mszl998@aoI.com). 
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20 min 




48 h 



Figure 1 Visualization with the low light imager of the distribution of light- 
emitting bacteria injected Intravenously in nude mice. (a,b) Nude mice were 
injected with 1 x 10^ cells of attenuated S. typhimurium (a) and V. cholerae 
(b). Both strains were transformed with pLlTE201 carrying the luxCDABE 
operon. Photon collection was for 1 min at 20 min and 48 h after bacterial 
injection, using the Hamamatsu ARGUS 100 imaging system. 



region only (Fig. lb), as did the injection of luminescent £ coli (data 
not shown). Imaging of the same animals 24 and 48 h after injection 
revealed that all of the detectable light emission from the earlier time 
points diminished. These findings, together with the complete absence 
of bacteria in the blood, indicate that the light-emitting bacteria were 
probably eliminated by the bost's immune system. The clearance was 
independentiy confirmed by the absence of light emission in all of the 
excised organs of the same animal (data not shown). 

In addition, we examined the distribution of intravenously injected 
vaccinia virus in nude mice. Nu"/nu~ mice {n > 10) injected with rW- 
RUC-GFP virus (1 X 10® plaque forming units (pfu)/ mo use) were 
observed once every 3 d over a 2-week period under the low-light 
imager to detect luciferase-catalyzed light emission in the presence of 
intravenously injected coelenterazine. In parallel, the animals were 
also observed under a fluorescence microscope to visualize GFP 
expression. Two weeks after infection, neither luminescence nor green 
fluorescence was deteaed in the live animals with the exception of 
occasional small skin lesions. However, those minor luminescence and 
fluorescence signals disappeared within a week as soon as the lesions 
had healed. One or two weeks after viral injection, the nontumorous 
animals were killed. At neither time point was luminescence or green 
fluorescence detected in the excised brain, liver, lung, spleen, kidney or 
testis (data not shown), indicating that the distribution of rW-RUC- 



Table 1 Analyses of bacterial and viral titers from homogenized C6 glionna tumors 



Time after i 
8 h 



.V. injection of 1 x 10^ U c/jo/erae/pLITE201 
16 h 32 h 48 h 



Bacterial titer 
Ccfu/tumor) 



3.79 X 10^ 
±2.93 



3.14 X 106 
±2.45 



1.08 X 10^ 
±1.3 



5.97 X ICS 
±4.26 



6.84 X 108 
±2.2 



Time after i.v. injection of 1 x 10' pfu rW-fff/C-GfP virus 
36 h Day 3 Day 5 



Viral titer (pfu/tumor) 3.26 x 10^ ±3.86 7.22 x 10' ± 3.67 1. 17 x 10^ ± 0.76 3.77 x 10^ ± 1.95 

Bacteria or viral particles were injected 13 and 7 d, respectively, after tumor cell Implantation. Tumors were excised 
from animals (n= 4). I.V., intravenous. Cfu, colony-forming units. Pfu, plaque-forming units. 



GfP virus via the blood stream did not result in significant infection of 
healthy organs. This was probably due to prompt clearance by the 
immune system. 

Bacteria and vaccinia virus replicate in nude mouse tumors 

To determine the localization of intravenously injected bacteria, we 
injected nude mice (n > 20) with 10-d-old implanted C6 glioma 
tumors (-500 mm^) in the right hind leg with 1 x 10^ cells of light- 
emitting S. typhimurium or V cholerae. The animals were then moni- 
tored each day for 6 d under a low light imager. The initial distribution 
patterns, determined immediately after injection, were similar to dis- 
tributions described above (Fig. 2a(i,v)), Two days after injection, 
however, luminescence diminished in the entire body with the excep- 
tion of die tumor region (Fig. 2a(ii, vi)). Continued monitoring of the 
mice at days 4 and 6 after injection showed that after an initial increase, 
the luminescence started to decrease in the tumors of animals injected 
with S. typhimurium (Fig. 2a(iii-iv)). Remarkably, mice injected with 
V. cholerae exhibited a dramatic increase of light emission in the 
tumors (Fig. 2a(vii-viii)), indicating an efficient replication of the 
bacteria (Table 1). The drastically different behavior of S. typhimurium 
and V. cholerae in tumors over time may be due to less plasmid 
(pLITE201) stability in 5. typhimurium. From the results of bacterial 
count using homogenized mmor samples, we estimated that one week 
after bacterial injection, approximately 20% of the V cholerae popula- 
tion retained the plasmid DNA, in comparison to 2% of the 
S. typhimurium population. Furthermore, intravenously injeaed 
limiiriescent E. coli DH5a (1 x 10^ cells) also replicated rapidly in 
, timiors, similar to V, cholerae (data not shown). 

In separate experiments, nude mice (n > 20) with tumors approxi- 
mately 500 mm^ in size were intravenously injected with xW-RUC- 
: GFP virus (1 x 10^ pfti/mouse). Mice vath tumors approximately 
2,500 mm^ in size were then monitored for GFP fluorescence under a 
stereomicroscope to determine the site of viral infection and multipli- 
cation. GFP expression was first detected in the tumor region 36 h after 
virus injection. Unexpectedly, an intense green fluorescence was 
deteaed in a patch-like pattern exclusively in the tumor region 
(Fig. 2b(ii)). These patches, often located at the end of blood vessel 
branches, indicated that the primary site of viral replication was in 
cells that surroimd the leaky terminals of capillary vessels. Over time, 
the GFP signal from the center of these patches started to disappear, 
and new intense green fluorescent centers appeared in the form of 
rings at the periphery of the feding patches (data not shown). In 
addition to GFP, the tW-RUC-GFP virus encoded a ftinctional 
R. reniformis luciferase in the form of a fusion protein. Therefore, 
immediately after coelenterazine delivery by Lv. injection, a strong 
luciferase activity was recorded only in the tumor region (Fig, 2c(v)). 
By lowering the sensitivity of the low light video camera, we detected 
RUG expression also in localized patches mostiy in the periphery of 
the tumor. These patch-like patterns precisely 
correlated with the GFP signals (data not 
shown). Furthermore, we also followed the 
infection and replication of intravenously 
injected rW-/?t/C-GFP virus in the same ani- 
mal for 20 d after injection (Fig. 2b(iii-v)). A 
continuously increasing level of GFP fluores- 
cence and luciferase luminescence (Fig. 
2c(i-iv)) was indicative of a very efficient 
viral replication in the tumor tissue. The 
tumor environment may provide a protective 
immunoprivileged site for viral replication 
subsequent to tumor entry and tumor cell 



Day 4 



8.82 X 108 
±2.68 



Day 6 

1.06 X 10^ 
±0.48 



Day 7 



314 



VOLUME 22 NUMBERS MARCH 2004 NATURE BIOTECHNOLOGY 



ARTICLES 





Figure 2 Intravenously injected bacteria and 
viruses accumulate and replicate in subcutaneous 
C6 rat glioma tumors in nude mice as visualized 
by light emission, (a) Nude mice with a C6 
glioma tumor in the right hind teg were injected 
with 1 X 10^ attenuated S. typhimurium (Mv) 
or attenuated V. cholerae (v-viii) cells, both 
transformed with pLITE201 ptasmid DNA. 
Photon collection was carried out for 1 min. 
Mice injected with S. rypft/mi/r/um exhibited 
luminescence immediately through the whole 
animal (i). In contrast, luminescence in mice 
injected with V. c/io/erae was visible shortly 
thereafter only in the liver area (v). Two days 
after bacterial injection, both groups of mice 
demonstrated luminescence only in the tumor 
region (ii, vi). Light emission in the tumors 
infected with S. typhimurium s\Qvt\y diminished 
as seen at 4 (iii) and 6 (iv) d after bacterial 
injection. Tumors infected with V. cholerae 
showed a marked increase in light emission 4 (vii) 
and 6 (viil) d after injection, suggesting continued 
replication of the bacteria in the tumor tissues, 
(b) C6 glioma cells {5 x 10^) were implanted 
subcutaneously into the right lateral thigh. At 
designated days after tumor cell implantation, 
the animals were injected with 1 x 10^ pfu of 
rW-/?/yC-GFP virus particles. GFP expression 
was monitored under a fluorescence stereo- 
microscope. Bright field (top) and bright field 
fluorescence overlay (bottom) images of 
subcutaneous glioma tumor are shown. GFP 
signal can be observed in tumors as small as \ 
22 mm^ in size (i), or as old as 18 d (-2,500 
mrn^ in size) (ii). In older tumors, GFP expression 
was seen in *patch'-like patterns (indicated by 
arrows in overlay ii). Marker gene expressioii in 
the tumor of the same animal can be monitored 
continuously 4 (iii), 7 (iv), and 14 (v) d after i.v. 
viral injection. Scale bars = 5 mm. (c) Real-time, 
low-light images of tumors at different time 

points (36 h (i), 3 d (ii), 5 d (iii) and 7 d (iv)) after l.v. injection of 1 x 10^ of rW- ffUC-GFP indicate the location of RUC-triggered light emission in the 
presence of i.v. injected coelenterazine (2.5 ^g ethanol solution) in anesthetized nude mice. Panel v show^s the low light and bright field overlay image to 
indicate the tumor-specific luminescence signal, (d) Analysis of the presence of bacteria In blood and tumor fluid samples in overnight culture in Luria Broth 
medium. Blood and tumor fluid samples were taken from a nude mouse carrying a subcutaneous C6 glioma tumor 1 week after l.v. injection of 1 x 10^ 
light-emitting V. choterae. Fifty microliters of tumor fluid was withdrawn by inserting a 29^2 gauge needle directly Into the center of the tumor. Only the 
tumor fluid vras shown to be positive for light-emitting bacteria (right tube), whereas no bacteria were detected in the blood (left tube), (e) Correlation of 
luciferase activities with bacterial or viral titers in tumors. Seven or 13 days after C6 glioma cell implantation, nude mice were injected with either 1 x 10^ 
of V. choleraefpL\TE20l or with 1 x 10^ pfu of rW-RUC-GFP, respectively At different time points after infection (as shown in Table 1), mice were killed. 
The tumors were excised, homogenized and assayed for bacterial (left) and viral (right) titers. The bacterial luciferase and Rem'lla luciferase activities 
(reported as relative light units (RLU)) in the tumor homogenates were measured using a luminometer. 




6 7 8 

Log viral titerAumor 



infection. The viral replication in the tumor tissues was also independ- 
ently confirmed by determination of the viral titers in excised tumors 
(Table 1) and organs obtained at various time points. Homogenates of 
C6 glioma tumors 1,500 mm^ in size yielded 2-5 x 10^ plaques in com- 
parison to homogenates of the entire liver or spleen, which yielded less 
than 2,600 or 100 plaques, respectively, 7 d after injection of 1 x 10^ pfu 
of rW-RUC-GFP. In addition, the luciferase assay using tumor 
homogenates showed direct correlation between viral titer and 
luciferase-based light emission (Fig. 2e, right). 

The sites of viral infection were determined in exposed tumors, 
where the GFP fluorescence was found to be concentrated exclusively 
in the tumor tissue (Fig. 3). Neither the skin nor the nontumorous 
thigh muscles showed fluorescence. In contrast, cross sections of the 
tumor revealed strong green fluorescent regions organized as patches 



in the periphery of the tumor (arrows in Fig. 3b(iii)), indicating the 
sites where the vaccinia virus-directed gene expression was most 
active. Analysis of tissue sections under a fluorescence microscope 
revealed that GFP fluorescence was present in large clusters of cells 
within the tumor (Fig. 3a). However, no fluorescence was visible in 
nontumorous tissues. 

To determine whether the tumor size and the degree of vasculariza- 
tion affect bacteria] entry and colonization, we injected animals with 
0-, 2-. 4-, 6-, 8- and 10-d-old subcutaneous glioma tumors with att- 
enuated S. typhimurium and V. cholerae containing the pLlTE201 plas- 
mid DNA. The earliest glioma tumor age at which luminescence was 
observed was day 8 with a tumor volume of approximately 200 mm^. 
When injected intravenously with vVW-RUC-GFP vh-us, nude mice 
exhibited tumor-specific viral replication 6 d after implantation of 
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Figure 3 Localization of bacterial colonization and viral infection in subcutaneous C6 glioma tumors, 
(a) Bright field (i) and fluorescence (ii) images of tumor cells expressing GFP. Frozen sections 
(30 Jim thick) of the glioma tumor tissues were prepared from a nude mouse that has been injected 
with 1 X 108 pfu of rW-/?(7C-GFP virus. Scale bars = 50 jim. (b) Five days after the subcutaneous 
implantation of 5 x 10^ C6 glioma cells into the right lateral thigh, 1 x 10^ pfu of rW- /?t/C-GFP virus 
were injected intravenously. Five days after viral injection, the animal was anesthetized and killed for 
analysis of GFP expression under fluorescence microscope. The tumor was visualized externally (i), 
with the overlying skin reflected (ii). in cross section (iii) and in the amputated teg (hi). The strongest 
GFP expressions are seen as patches located along the outer surface of the tumor on the right (arrows 
in iii). Sharp difference of GFP expression in turnor tissue and in the normal muscle tissue (an^ows in iv) 
is clearly visible. The reflected skin is marked with asterisks (ii, iv). Scale bars = 5 mm. 



C6 glioma cells, as determined by GFP expression 5 d after viral injec- 
tion in a tumor volume of -22 mm^ (Fig. 2b(i)). 

Additionally, nude mice bearing subcutaneous PC-3 human 
prostate tumors were intravenously injected with the attenuated 
L. monocytogenes (1 x 10^) transformed with pSOD-GFP plasmid 
DNA- Nearly 27 h after bacterial injection, a weak GFP signal originat- 
ing from the tumor region was already detectable (Fig. 4a(i)), and no 
GFP signal was registered elsewhere in the animal. To examine 
whether the intravenously injected vaccinia virus was able to enter, 
infect and repHcate in tumors other than gliomas, we introduced 
tW-RUC-GFP into mice with implanted subcutaneous PC-3 human 
prostate carcinoma. Although the PC-3 implants from which tumors 
developed grew at a much slower rate than the subcutaneous glioma 
tumors, these tumors showed the same tumor-specific replication of 
vaccinia virus (Fig. 4a(ii)). GFP expression was initially detected 3 d 
after virus injection, and the intense fluorescence lasted throughout 
the 3-week observation period. 

In addition, we also tested the HT1080 human fibrosarcoma cell 
line, which was stably transformed with a GFP expression cassette, and 
therefore the boundary of the tiunors formed by this cell Hne can be 
clearly defined on the surface of live animals by fluorescence 
microscopy. Intravenous injection of V. cholerae or S. typhimurtum 
(I X 10^) into nude mice carrying such subcutaneous HT1080 
fibrosarcoma tumors resulted in tumor-specific colonization by bacte- 
ria, and the luminescent signal was seen only within the boundary of 
the fluorescent tumor (data not shown). 

Bacteria and virus replicate in C57 mouse tumors 

Inununocompetent C57 mice (n = 2) bearing orthotopic MB-49 
murine bladder tumors were injected intravenously with attenuated 
V. cholerae. Bacterial light emission was noted in the bladder region of 
live animals (Fig. 4b(i)). After abdominal incision, the bladder was 



exposed, and the light emission was located in 
the bladder region (Fig. 4b(ii)). Upon surgical 
removal of the bladder firom the mouse, it 
continued to glow wiiile the rest of the animal 
body was dark (Fig. 4b(iii— iv)). This experi- 
ment showed that even small bladder tumors 
(<20 mm^ in size) had the propensity to 
retain bacteria from the bloodstream in 
immunocompetent mice. C57 mice with MB- 
49 tumors were also intravenously injected 
with tW-RUC'GFP, and 5 d after virus injec- 
tion, GFP expression was observed only in the 
bladder tumor region (Fig. 4c). 

When Lewis rats with intracranial C6 
glioma tumor in the brain were injected intra- 
venously with attenuated V. cholerae ( 1 x 10^), 
low levels of luminescence activity were 
observed through the skull. Visualization of 
the excised brain under the imager revealed 
strong luminescence at the site of the tumor 
(F^, 4d(i)). However, control rats injected 
with phosphate-buffered saline (PBS) alone 
showed no luminescence/Similarly, weak GFP 
fluorescence was observed in the surgically 
exposed intracranial glionia tumors 5 d after 
i.v. injection of rW-i?C7C-GFP virus into rats 
(Fig. 4d(ii-iii)). Taken together, these data 
show that both bacteria and vaccinia virus did 
enter and replicate in brain gliomas similarly 
to the way they repUcated in the other tumor models described above. 

Bacteria and vaccinia virus reveal the location of metastases 

Female nude mice (n = 4) bearing 6-month-old MCF-7 human meta- 
static mammary carcinoma tumors transformed with pro -insulin -like 
growth factor (IGF)-II expression cassette'** (-400-500 mm^) in the 
right breast pad were injected intravenously with cells of V cholerae. 
Two days after injection, the breast tumor was colonized by the bac- 
teria (Fig. 5a(ii)), whereas the liver region became silent (Fig. 5a(i-ii)). 
Light emission was also visible in the left breast (metastases, 
-36 mm'), indicating the presence of bacteria (Fig. 5a(ii)). Both 
tumors remained luminescent after 5 d (Fig. 5a(xii)), and strong lumi- 
nescence activity continued for over 45 d in the primary tumor (data 
not shown), during which time the mice remained healthy. 
Experiments using luminescent R colt also showed efficient replication 
in breast tumors (Fig. 5a(v-vi)). 

Female nude mice (n = 4) with established MCF-7 human breast 
tumors (-400-500 mm') were intravenously injected with rW-RUC- 
GFP virus. A strong GFP expression was observed in the breast tumor 
region 6 d after virus injection (Fig, 5b(i-ii)). Visualization of cross 
sections of virus-infected breast tumors revealed fluorescent ^islands* 
throughout the tumors, with no indication of central or peripheral 
preference of infection (Fig. 5b(iii)). A smaller metastasized tumor at 
the left side of the chest also showed intense GFP fluorescence (Fig. 5b 
(iv-vi)). Metastasized tumor nodules as small as 0.5 mm in diameter 
on the surface of the excised lung were also positive for GFP fluores- 
cence (Fig. 5b(vii)). The presence of a strong RUC-mediated light 
emission confirmed the expression of the RUC-GFP fusion protein in 
these breast tumors, but nowhere else in the body (data not shown). 
These experiments demonstrate that intravenously delivered W par- 
ticles, after entering the tumors and metastases, replicated in the 
tumor tissue, thereby revealing the location of tumors and metastases. 
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Figure 4 Bacterial and vaccinia virus show tumor-specific localization in different tumorous mice 
models, (a) Intravenously injected L monocytogenes and vaccinia virus accumulate and replicate 
in subcutaneous PC-3 human prostate tumors in nude mice, (i) Mice were injected with 1 x 10^ of 
attenuated L. monocyfo^enescells transformed with pSC?D-GFP plasm id DN A carrying the GfP-cDNA 
expression cassette. GFP fluorescence was observed under a fluorescence stereomicroscope. Twenty- 
seven hours after the injection, GFP signal was detected only in the tumor region, (it) One week after 
l.v. injection of rV^-RUC-GFPat 1 x 10^ pfu/mouse, GFP expression was specifically localized:to the 
PC-3 tumors in nude nriice. (b-^) Bacteria and vaccinia virus show tumor-specific localization in . 
immunocompetent rodents. C57 mice were injected iritravenously either with 1x10^ attenuated 
V. cholerae cells transformed with pLltE201 carrying the /uxoperon (b) or with 1 x lO^ pfu/mouse 
of rWy-RUC-GFP(c)\ Nine days after delivery of the bacteria, luminescence was noted in the bladder 
region of the whole animal (b(i)). The animal was killed and an abdominal incision was nriade to expose 
the bladder. Light emission was limited to the bladder region (b(ii)). After removal of the bladder {b(ii)) 
from the mouse, the entire source of light emission was removed (b(iv)), as shown by the overlay of the 
low light photon emission image on the photographic image of the excised bladder. Similarly, 9 d after 
the delivery of virus, green fluorescence was noted in the surgically exposed bladder tumors (cCii)). 
(d) Lewis rats were injected intravenously either with 1 x 10^ attenuated V. cholerae ceWs transformed 
with pLITE201 (i) or with 1 x 10^ pfu of rW-ffUC-GFP (ii-iii). Twenty-four hours after injection of 
the bacteria, faint luminescence was noted in the head region of the whole animal. The animals 
were killed. Photon collection from excised tumorous brain was carried out for 1 min, and strong 
luminescence was confirmed in the tumor region of tumor-bearing brain (i, marked with arrows). 
Similarly, 5 d after viral injection, weak GFP expression was noted in the surgically exposed intracranial 
tumors in rats (til). Bright field (c(i), d(ii)), and bright field/fluorescence overlay (c{li), d(iii)) images are 
shown. Scale bars = 5 mm. 



Do bacteria and vaccinia virus reenter the blood circulation? 

To examine whether bacteria are released from tumors, reenter the 
blood circulation and colonize newly implanted tumors, a second 
tumor (subcutaneous C6 glioma) vras developed on the right hind leg 
of animals already carrying a strong light-emitting breast tumor. 
Continuous monitoring of such animals showed no light emission in 
the second tumor implant* showing that bacteria from the original 
breast tumor were either not released or were not released in suflGcient 
numbers to be able to colonize the second tumor. However, a repeated 
i.v, injection of 1 x 10* cells of attenuated V. cholerae into the same ani- 
mal showed strong luminescence activity in the newly implanted tumor 
concomitantly with continuous light emission from the original 



tumor. Samples of blood and tumor fluid 
from subcutaneous C6 glioma tumors colo- 
nized by light-emitting V. cholerae were col- 
lected. Analyses of the blood samples showed 
complete absence of V, cholerae^ whereas the 
tumor samples contained large numbers of 
luminescent bacteria (Fig. 2d). To determine 
the level of viral particles released from breast 
tumors infected with tW-RVC~GFP virus, 
we implanted C6 glioma cells into the thigh of 
these mice. No GFP signal was detected in the 
newly formed glioma tumor, indicating that 
no viral replication occurred in this tumor. 
However, both glioma and breast tumors 
showed strong fluorescence after a repeated 
i.v. injection of rW-RUC-CFP virus. Based 
on these findings, we conclude that the release 
of bacteria and vaccinia virus from infected 
tumors into blood either did not occur or the 
released number of microorganisms was 
insufficient to colonize the newly implanted 
tumors. The limited release of bacteria or 
virus from tumors should provide greater 
safety for bacterium- or virus-mediated 
detection and therapy of tumors. 

DISCUSSION 

We show here that bacteria and vaccinia virus 
gained entry and replicated only in the tumor 
tissue. Localization of the ' light-emitting 
microorganisms in live animals could be 
followed in real time through low Ught and 
fluorescence imaging. Three attenuated bac- 
terial strains, V. cholerae, S. typhimurium and 
L. monocytogenes, were found to enter and 
replicate in tumors. Similarly, £ colt DH5a 
also showed tumor-specific localization. In 
contrast to a previous report^, no mutations 
affecting the survival of the bacteria were 
required for tumor-specific entry and replica- 
tion of bacteria. We also demonstrated that 
both primary and metastasized tumors could 
be visualized using the labeled bacteria. 
Furthermore, our experiments showed that 
intravenously injected light-emitting bacteria 
colonized intracranial tumors in inmiuno- 

competent rats and bladder tumors in 

immunocompetent mice, implying that the 
tumor microenvironment is an immune priv- 
ileged site, which provides protection against the host immune system. 

Minutes after i.v. injection, the bacteria were distributed throughout 
the entire animal, and then concentrated in the spleen and the liver as a 
result of macrophage surveillance. Light emission by bacteria that 
escaped immune surveillance by entering into the tumor was barely 
detectable immediately after injection. Owing to rapid bacterial repli- 
cation, light emission originating from the bacteria v«thin tumors 
became easily detectable in vivo. Visualization experiments using ani- 
mals carrying breast tumors demonstrated that three sites, namely, the 
incision wound, the primary tumor and the metastatic tumor were 
first colonized by the bacteria. One week later, the wound sites became 
nonluminescent, probably after reconnecting the vasculature with the 
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Figure 5 Intravenously delivered light-emitting bacteria and recombinant vaccinia virus mark the location of primary breast tumors and their metastases in 
nude mice, (a) Nude mice with breast tumors in the right breast pad were injected intravenously with 1 x 10^ attenuated V. choferae (Mv) or with 1 x 10^ 
E. co//(v-vi) cells transformed with pLITE201 plasmid DNA. Photon collection was carried out for 1 min. Twenty minutes after bacterial delivery, lumi- 
nescent V. choleraewere observed in the liver (i). Forty-eight hours after Injection, light emission was noted in the primary breast tumor located in the right 
breast area, in a metastatic tumor (arrow) in the left breast area and In the femoral vein incision wound (il). At 5.d, the light emission was visible only in the 
tumor regions; there was none In the wound (Hi). Eight days after injection of bacteria, the luminescent activity was no longer detectable in the metastatic 
tumor region but remained strong in the primary breast tumor (iv). Specific localization of E. co// for breast tumors In nude mice was also observed 2 d after 
i.v. injection of bacteria (v, side view; vi. ventral view), (b) Nude mouse carrying breast tumor was injected intravenously with 1 x 10^ pfu of m~RUC-GFP 
virus. Both the pri mary tumor {Mi i) and the metastasized tumor (iv-^i) were visualized externally (l,iv), with overiyl ng skin removed (ii.v), and when they were 
split open (iii,vi). GFP exp>ession in lung metastases in the same animal was also visualized (vii). Scale bars = 5 mm (i-vi), and imm (vii). 



lymphatic system and restoring the immune surveillance. However, 
presumably because of an impaired lymphatic system^^, the removal 
of bacteria from the primary tumor could not occur and therefore 
continuous Ught emission was observed over 45 d after injection. This 
observation showed that only an established tumor possessed the abil- 
ity to protect bacteria from immune clearance. Therefore, the degree 
of tumor vascularization and the status of tumor lymphangiogenesis 
may be the determining fectors for mmor colonization by bacteria. 
The size of different solid tumors did not appear to determine their 
capability to protect bacteria from the immune system. For example, 
the minimal size of subcutaneous gUoma tumor that was colonized by 
V cholerae was -200 mm^, whereas the bladder tumors (-20 mm^) in 
C57 mice were colonized with similar intensity. 

Early observations that strains of Clostridia preferentially proliferate 
in necrotic centers of tumors'*^ lead to the hypothesis that, unlike nor- 
mal tissues, the hypoxic environment in tumors provides anaerobic 
growth conditions^''", as it may do for the growth of anaerobic 
Bifidobacterium hngum^^. However, auxotroph mutants of S. typhi- 
murium have been shown to multiply in tumors in mice, as found after 
analysis of homogenized tissues^*"^. Therefore, anaerobicity in the 
necrotic center of the tumor alone is not the factor that determines 
bacterial accumulation in the tumor. In contrast, based on our data, we 
propose that the entry, survival and repUcation of bacteria in tumors is 
dependent on tumor vascularization and tumor immune microenvi- 
ronment, which provides a sanctuary for a small number of baaeria 
that will escape clearance by the immune system. 

Simultaneously, we also found that intravenously injected vaccinia 
virus was preferentially localized in different tumors in live animals. 



Tumor-specific replication by vaccinia virus was demonstrated in sub- 
cutaneous C6 glioma and PC-3 tumors, MCF-7 tumors in nude mice, 
and orthotopic MB-49 tumors in C57 mice. Viral DNA-coded- green 
fluorescence was detected at the site of injection as early as 2 d after 
injection in contrast to data reported previously*^*'**. Accumulation 
and replication of vaccinia virus were observed in real time in tumors 
ranging from 22 to 2,500 mm^ in volume. Therefore, the unique 
tumor microenvironment and tumor cell properties, rather than the 
size of the tumor, seem to determine the entry and survival of viral 
particles in tumor tissues. These findings are very similar to those 
found vnth bacteria. Interestingly, combined i.v. injection of bacteria 
and vaccinia virus into the same tumor-bearing animal resulted in 
both bacterial and viral accumulation and repHcation in the same 
tumor. 

In addition to the visualization of primary tumors, the bacteria and 
viral particles are also naturally capable of finding small metastatic 
nodules. Tumor-Uke nodules as small as 0.5 mm^ were detected on the 
surface of the lungs of tumor-bearing mice based on GFP fluorescence 
after surgical exposure. Since metastatic lesions of small size are diffi- 
cult to detect, the vaccinia virus-mediated, tumor-specific targeting 
system may become a clinical tool for sensitive detection and removal 
of secondary tumors, as well as primary tumors at an early stage. 

The results of our experiments demonsuate that the recombinant 
rW-RUC-GFPof Lister-Institute for Viral Preparations (LI VP) strain 
replicated specifically in tumorous and in inflamed tissues. Therefore, 
the tumor-specific infection and replication of vaccinia virus may not 
be dependent on the availability of metabolites provided by actively 
dividing cells as suggested by researchers*^, who used a thymidine- 
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kinase gene-deleted mutant strain of vaccinia virus. Preferential infec- 
tion of tumor tissues by vaccinia virus and its survival and replication 
maybe the result of fundamental structure and immunological differ- 
ences between nontumorous and tumorous tissues. Vaccinia virus 
injected into the bloodstream may enter the tumors through capillar- 
ies and replicate in a tumor environment lacking immune protection. 
In contrast, the rest of circulating viral particles are cleared by the 
host's immune system shortly after i.v. delivery. 

In this study, we demonstrated the real-time visualization of local- 
ization, survival and replication of engineered bacteria and vaccinia 
virus in implanted tumors and their metastases in live animals. We 
propose that a small number of blood-borne microorganisms may 
enter tumors through leaky vasculature, thereby escaping the host's 
immunosurveillance and finding sanctuary in the tumor tissues- These 
systems may be applied to the detection of tumors and metastases and 
may allow the development of tumor-specific gene therapy protocols. 

METHODS 

Bacterial and viral strains. The bacterial strains, used were E co/i^(DH5a), 
attenuated S. typhimurium {SL7207 hisG46. DEL407(aroA544:Tnl0l) and 
attenuated V. cholerae (Bengal 2 Serotyp 0 139, MO 10 DattRSl). The plasmid 
pLITE201 (obtained from F. Marines'*^), containing luxCDABE^ was used to 
transform £ co/i, S. typhimurium and V. cholerae to produce light-emitting bac- 
terial strains. The plasmid pSOD-GFP^ carrying the CFP gene construa under 
the control of the SOD promoter, was used to transform L. monocytogenes. 

The viral strain used in this study was LIVP vaccine strain of vaccinia virus. 
Recombinant vaccinia virus rW-/il/C-GFP was constructed by inserting via 
homologous recombination the RUC-GFP cassette^ ^ which contains the RUC 
and GfP cDNA sequences under the control of a synthetic early/late promoter 
of vaccinia, into the nonessential region of the vaccinia virus genome^**. The 
tVV-RUC-GFP virus was propagated in CV-1 African green monkey kidney 
fibroblast cells arid purified by centrifiigation throujgh a sucrose gradient. The 
titer of rW'RUC-GFP virus was determined by plaque assay on CV- 1 cells and 
expressed as pfu/ml. 

Tlunor cell lines. The C6 rat nitrosourea- induced glioma ceD line (ATCC) was 
cultured in RPMI-1640 medium (Cellgro, Mediatech) supplemented with 10% 
FBS, 100 units/ml penicillin G, 250 ng/ml amphotericin B, and 100 units/ml 
streptomycin (ix). The PC-3 human prosUte carcinoma cell line (ATCC). 
MB-49 murine bladder carcinoma cells, HTlOiSO human fibrosarcoma cells 
transformed with retrovirus carrying the GFP expression cassette (pLElN, 
aontech),and CV-1 cells were cultured in DMEM (Cellgro, Mediatech) sup- 
plemented with 10% FBS and Ix penicillin/amphotericin/streptomycin. 
The MCF-7 human mammary carcinoma cell line (ATCC), permanently 
transformed with a plasmid carrying pro-IGF-II cDNA (a gift from Daisy 
deLeon), was cultured in DMEM/F12 medium supplemented with 5% FBS and 
560 Hg/ml of G4 18 (Life Technologies). 

Recipient animals and tumor models. Five- to six-week-old male BALB/c 
athymic nu'/nu' mice (25-30 g body weight) and Lewis raU (250-300 g) were 
purchased from Harlan. To generate nude mice carrying subcutaneous glioma 
tumors, C6 glioma cells were harvested and the number of viable cells was 
determined by the trypan blue exclusion method. Then 5x10^ viable cells in 
100 fil of PBS were injected subcutaneously into the right lateral thigh of each 
mouse. Tumor growth was monitored by recording size with a digital caliper. 
Tumor volume (mm^) was estimated by the formula (L x H x W)/2, where L is 
the length, W is the vridth and H is the height of the tumor in millimeters. Mice 
bearing subcutaneous prostate tumors and subcutaneous colon fibrosarcoma 
were generated over a period of 1 month after subcutaneous implantation of 
3 X 10^ PC-3 human prostate celk or 5 x 10^ retrovirus-transformed HT1080 
fibrosarcoma ceUs, respectively. 

Intracerebral glioma tumors were generated by injecting C6 glioma cells into 
the brain of rats. Rats were anesthetized with sodium pentobarbital (Nembutal 
sodium solution, Abbot Laboratories; 60 mg/kgbody weight). A midline scalp 
incision (0.5-1 cm) was made, skin was reflected and a 1 mm burr hole was 
made in the skull located 2 mm to the left and 2.5 mm posterior to the bregma. 



Tumor ceUs were pipetted into an insulin syringe fitted with a 291^-gauge 
needle and mounted in a stereotactic holder. The needle was inserted vertically 
through the burr hole to a depth of 3 mm. After injection into the brain of 
a 10 III volume of either 5 x 10^ C6 cells or PBS as control, the needle was kept 
in place for 1 5 sec and then withdrawn. The skin incision was closed with surgi- 
cal clips. 

To generate the MCF-7 breast tumor animal model, 4-6-week-old female 
nude mice were first implanted with 17p-estradiol pellets (0.72 mg per peDet, 
90-d release; Iimovative Research of America) in the dorsal skin to facilitate 
breast tumor development and metastasis. One day after estrogen pellet 
implantation, 1 X 10^ MCF-7 human breast carcinoma cells transformed with 
pro-IGF-II were mjected directly into the second left mammary fat pad of 
each mouse through an incision just below the second nipple. For orthotopic 
transplants, tumors developed from implanted cells were resected and minced 
into 1-mm^ cubes for tissue transplantation into the mammary fet pad. Solid 
tumor metastases as large as 50 mm^ may appear in other mammary fet pads 
3-6 months after cellular implantation. Extensive lung metastases may also 
occur within 3-6 months after cellular implanUtion. C57 mice with an 
implanted MB-49 murine timior in the bladder were generated by M. Lilly and 
kindly provided by I. Fodor. 

All animal experiments were carried but ih"ikxlordance with pi-ot6c6ls 
approved by the Loma Linda University animal research committee and by the 
Institutional Animal Care and Use Committee (lACUC) of LAB Research 
International located in San Diego Science Center. Anesthesia of animals was 
carried out using Nembutal (60 mg/kg body weight). The animals containing 
recombinant DMA materials and attenuated pathogens were kept in the animal 
care facilities in Loma Linda University or in LAB Research International at 
biosafety level two. 

I.V. injection of bacteria or vaccinia virus into animals. Uiiless specified other- 
wise, 1 X 10® light-emitting bacteria or 1 X 10^ pfti of purified rW-RUC-GFP 
virus, bodi suspended in 100 \iX of PBS, were injected intravenously with a l-cc 
insulin syringe equipped with a 29V2-gauge needle through the surgically 
exposed feihord vein. After the injections, the incisions wei"e isutured. 

Histology of tumors. Under anesthesia, the animals were killed with Nem- 
butal. The tissues were removed, embedded in Tissue-Tek OCT compound 
(Miles Scientific) and immediately frozen in liquid nitrogen. Frozen sections 
(30-60 ^m in thickness) were cut using a Reichert-Jung Cryocul 1800 cryostat 
at -20 ?C. GFP fluorescence of the tissues was monitored under a Leica fluores- 
cence microscope and the images were recorded usiiig Photoshop software. 

Detection of luminescence and fluorescence. To analyze barterial luciferase 
activity, anesthetized animals were placed inside the dark box for photon 
counting (ARGUS 100 Low Light Imager, Hamamatsu). Photon collection was 
for 1 min from ventral and dorsal views of the animals, and the im^es were 
recorded using Image Pro Plus 3.1 software (Media Cybernetics). A light image 
was also recorded, which was then superimposed upon the low light image to 
localize the luminescence activity. RUC activities were determined in anes- 
thetized animals after i.v. injection of a mbcture of 5 pi of coelenterazine 
(0.5 pg/^ll diluted cthanol solution) and 95 nl of luciferase assay buffer (0.5 M 
NaCl; 1 mM EDTA; and 0.1 M potassium phosphate, pH 7,4). Animals were 
then imaged under the low light imager similarly to imaging animals with bac- 
terial luciferase activities. Luciferase activities in excised and grounded organs 
were measured using a Turner TD-20e luminometer. Imaging of GFP expres- 
sion in tumors of live animals was performed using a Leica MZ8 stereo fluores- 
cence microscope equipped with a mercury lamp power supply and a GFP filter 
(excitation at 470 nm). Images were captured using a SONY DKC-5000 3CCD 
digital photo camera. 
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Claims 



1. A diagnostic or pharmaceutical composition comprising a microorganism or cell containing a 
DNA sequence encoding a detectable protein or a protein capable of inducing a detectable 
signal. 

2. The diagnostic or pharmaceutical composition of claim 1 , wherein the protein capable of 
inducing a detectable signal is a luminescent and/or fluorescent protein. 

3. The diagnostic or pharmaceutical composition of claim 1 , wherein the protein capable of 
inducing a detectable signal is a protein inducing a signal detectable by magnetic resonance 
imaging (MRI) or capable of binding a contrasting agent, chromophore or a ligand required for 
visualization of tissues. 

4. The diagnostic or pharmaceutical composition of any one of claims 1 to 3, wherein the 
migroorganism is a bacterium or a virus. 

5. The diagnostic or pharmaceutical composition of claim 4, wherein the virus is Vaccinia virus. 



6. The diagnostic or pharmaceutical composition of claim 4, wherein the bacterium is 
attenuated Salmonella thyphimurium, attenuated Vibrio cholerae, attenuated Listeria 
monocytogenes or E. coli. 

7. The diagnostic or pharmaceutical composition of claim 1 , wherein the cell is a mammalian 
cell. 
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8. The diagnostic or pharmaceutical composition of any one of claims 1 to 7, wherein the 
luminescent or fluorescent protein is luciferase, RFP or GFP. 

9. The diagnostic or pharmaceutical composition of any one of claims 1 to 8, wherein the 
microorganism or cell additionally contains a gene encoding a substrate for a luciferase. 

10. Use of the microorganism or cell as defined in any one of claims 1 to 9 for the preparation 
of a diagnostic composition for tumor-imaging or monitoring a therapeutic tumor treatment. 

11. Use according to claim 10, wherein tumor-imaging or monitoring is carried out by MRI. 

12. A pharmaceutical composition containing a microorganism or cell as defined in any one of 
claims 1 to 9, wherein said microorganism or cell furthermore contains one or more 
expressible DNA sequences encoding (a) protein(s) suitable for tumor therapy and/or 
elimination of metastatic tumors. 

13. The pharmaceutical composition of claim 12, wherein the protein suitable for tumor therapy 
and/or elimination of metastatic tumors is endostatin or recombinant chimeric toxin 
PE37/transforming growth factor alpha (TGF-alpha). 

14. The pharmaceutical composition according to claim 12 or 13, wherein the expressible DNA 
sequences are on a BAG, MAC, cyber cell or cyber virus. 

15. Use of the microorganism or cell as defined in any one of claims 12 to 14 for the 
preparation of a pharmaceutical composition for tumor therapy and/or elimination of a 
metastatic tumor. 

16. Use according to claim 15, wherein the tumor is a bladder tumor, breast tumor, prostate 
tumor, glioma tumor, liver tumor, skin tumor, adenocarcinoma, ovarial carcinoma or pancreatic 
carcinoma. 

Description 



[0001] The present invention relates to diagnostic and pharmaceutical compositions 
comprising a microorganism or cell containing a DNA sequence encoding a detectable protein 
or a protein capable of inducing a detectable signal, e.g. a luminescent or fluorescent protein. 
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The present invention also relates to the use of said microorganism or cell for tumor-targeting 
or tumor-imaging. For therapeutic uses, said microorganism or cell additionally contain an 
expressible DNA sequence encoding a protein suitable for tumor therapy, e.g. a cytotoxic or 
cytostatic protein. 

[0002] Presence of bacteria in tumors was reported approximately fifty years ago. Several 
publications substantiated the earlier clinical findings that unexpectedly large numbers of 
bacteria were discovered in excised tumors from human patients. Investigators argue that 
chronic infections may predispose cells to malignant growth. Chronic infections of various 
strains of Chlamydia have been associated with lung and cervical cancer as well as malignant 
lymphoma. Another well described association between the presence of a specific bacterial 
species and cancer development is Helicobacter pylori in patients with gastric ulcers. Elevated 
levels of H. pylori-associated antibodies have been found in patients with duodenal ulcer and 
gastric adenocarcinoma. These observations demonstrate a concomitant presence of bacteria 
at tumor sites; however, it was yet not clear whether the microorganisms were the cause of 
tumor formation or whether the tumorous tissues were more susceptible to bacterial 
colonization. Intravenously injected strict anaerobic bacteria, Clostridium pasteurianum, into 
mice replicated selectively in the tumor suggesting a hypoxic microenvironment in the necrotic 
center. Intravenous injection of attenuated Salmonella typhimurium mutants resulted in 
elevated bacterial titers in the tumor tissues in comparison to the other organs of mice upon 
histologic and bacteriologic analyses. 

[0003] Similarly, the presence of virus particles was reported in excised human breast tumors 
as early as 1965. More recently, based on polymerase chain reaction (PCR) data, the human 
papillomavirus has been claimed to be associated with anogenital tumors and esophageal 
cancers, breast cancers, and most commonly, cervical cancers. In addition, the presence of 
hepatitis C virus in human hepatocellular carcinoma, Epstein-Barr virus in squamous cell 
carcinoma in Kirnura's disease, mouse mammary tumor virus-like paiticles (MMTV) in human 
breast cancer, SV40 virus in macaque astrocytoma, and herpesvirus in turtle fibropapilloma 
has also been reported. Surprisingly, the concentration of virus particles in the tumors shows 
variations among patients. The presence of human papillomavirus in squamous cell 
carcinomas of the esophagus ranges from 0 to 72% (10-15). In contrast to tumor tissues, no 
virus particles have been found in tumor-free areas of the esophageal epithelium of the same 
patient suggesting that the virus particles are located only in the tumor tissues. 

[0004] However, so far it could not undoubtedly been shown whether the above discussed 
microorganisms are responsible for the development of disorders like tumors (except for 
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papillomaviruses) or whether, e.g., tumors can attract and/or protect viruses or bacteria. 
Accordingly, there was no basis for the use of such microorganisms for the diagnosis or 
therapy of tumors. Conventional tumor diagnostic methods, such as MRI (Magnetic 
Resonance Imaging) and therapeutic methods, e.g. surgery, are invasive and not very 
sensitive. 

[0005] Therefore, it is the object of the present invention to provide a means for the efficient 
and reliable diagnosis as well as the therapy of tumors which overcomes the disadvantages of 
the diagnostic and therapeutic approaches presently used. 

[0006] According to the present invention this is achieved by the subject matters defined in the 
claims. When Vaccinia virus (LIVP strain) carrying the light emitting fusion gene construct rW- 
ruc-gfp was injected intravenously into nude mice, the virus particles were found to be cleared 
from all internal organs within 4 days, as determined by extinction of light emission. In contrast, 
when the fate of the injected Vaccinia virus was similarly followed in nude mice bearing tumors 
grown from subcutaneously implanted C6 rat glioma cells, virus particles were found to be 
retained over time in the tumor tissues, resulting in lasting light emission. The presence and 
amplification of the virus-encoded fusion proteins in the same tumor were monitored in live 
animals by observing GFP fluorescence under a stereomicroscope and by collecting 
luciferase-catalyzed light emission under a low-light video-imaging camera. Tumor-specific 
light emission was detected 4 days after viral injection in nude mice carrying subcutaneous C6 
glioma implants ranging in size from 25 to 2500 mm.sup.3. The signal became more intense 
after the 4th postinjection day and lasted for 30 to 45 days, indicating continued viral 
replication. Tumor accumulation of rW-ruc-gfp virus particles was also seen in nude mice 
carrying subcutaneous tumors developed from implanted PC-3 human prostate cells, and in 
mice with orthotopically implanted MCF-7 human breast tumors. Further, intracranial C6 rat 
glioma cell implants in immunocompetent rats and MB-49 human bladder tumor cell implants 
in C57 mice were also targeted by the Vaccinia virus. Cross sections of a C6 glioma revealed 
that light emission was clustered in "patches" at the periphery of the tumor where the fast- 
dividing cells reside. In contrast, cross sections of breast tumors revealed that fluorescent 
"islands" were distributed throughout the tumors. In addition to primary breast tumors, small 
metastatic tumors were also detected externally in the contralateral breast region, as well as in 
nodules on the exposed lung surface, suggesting metastasis to the contralateral breast and 
lung. In summary, light-emitting cells or microorganims, e.g. Vaccinia virus can be used to 
detect and treat primary and metastatic tumors. 

[0007] Similar results were obtained with light-emitting bacteria (Salmonella, Vibrio, Listeria, E. 
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coll) which were injected intravenously into mice and which could be visualized in whole 
animals under a low light imager immediately. No light emission was detected twenty-four 
hours after bacterial injection in both athymic (nu/nu) mice and immunocompetent C57 mice as 
a result of clearing by the immune system. In the cutaneous wound of an intravenously 
injected animal, the bacterial light emission increases and remains detectable up to six days 
post-injection. In nude mice baring tumors developed from implanted C6 glioma cells, light 
emission was abolished from the animal entirely twenty-four hours after delivery of bacteria, 
similar to mice without tumors. However, forty-eight hours post-injection, unexpectedly, a 
strong, rapidly increasing light emission originated only from the tumor regions was observed. 
This observation indicates a continuous bacterial replication in the tumor tissue. The extent of 
light emission is dependent on the bacterial strain used. The homing-in process together with 
the sustained light emission was also demonstrated in nude mice carrying prostate, bladder, 
and breast tumors. In addition to primary tumors, metastatic tumors could also be visualized as 
exemplified in the breast tumor model. Tumor-specific light emission was also observed in 
immunocompetent C57 mice with bladder tumors as well as in Lewis rats with brain glioma 
implants. Once in the tumor, the light-emitting bacteria were not observed to be released into 
the circulation and to re-colonize subsequently implanted tumors in the same animal. Further, 
mammalian cells expressing the Ruc-GFP fusion protein, upon injection into the bloodstream, 
were also found to home into and propagate in glioma tumors. 

[0008] These findings open the way for (a) designing multifunctional viral vectors useful for the 
detection of tumors based on signals like light emission and/or for suppression of tumor 
development and/or angiogenesis signaled by, e.g., light extinction and (b) the development of 
bacterium- and mammalian cell-based tumor targeting systems in combination with therapeutic 
gene constructs for the treatment of cancer. These systems have the following advantages: (a) 
They target the tumor specifically without affecting normal tissue; (b) the expression and 
secretion of the therapeutic gene constructs are, preferably, under the control of an inducible 
promoter, enabling secretion to be switched on or off; and (c) the location of the delivery 
system inside the tumor can be verified by direct visualization before activating gene 
expression and protein delivery. 

[0009] Accordingly, the present invention relates to a diagnostic or pharmaceutical composition 
comprising a microorganism or cell containing a DNA sequence encoding a detectable protein 
or a protein capable of inducing a detectable signal. 

[0010] Any microorganism or cell is useful for the diagnostic method of the present invention, 
provided that they replicate in the organism, are not pathogenic for the organism e.g. 
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attenuated and, are recognized by the immune system of the organism, etc. 

[0011] In a preferred embodiment, the diagnostic or pharmaceutical composition comprises a 
microorganism or cell containing a DNA sequence encoding a luminescent and/or fluorescent 
protein. 

[0012] As used herein, the term "DNA sequence encoding a luminescent and/or fluorescent 
protein" also comprises a DNA sequence encoding a luminescent and fluorescent protein as 
fusion protein. 

[0013] In an alternative preferred embodiment, the diagnostic or pharmaceutical composition of 
the present invention comprises a microorganism or cell containing a DNA sequence encoding 
a protein capable of inducing a signal detectable by magnetic resonance imaging (MRI), e.g. 
metall binding proteins. Furthermore, the protein can bind contrast agents, chromophores, 
ligands or compounds required for visualization of tissues. 

[0014] Preferably, for transfecting the cells the DNA sequences encoding a luminescent and/or 
fluorescent protein are present in a vector or an expression vector. A person skilled in the art is 
familiar with examples thereof. The DNA sequences can also be contained in a recombinant 
virus containing appropriate expression cassettes. Suitable viruses that may be used in the 
diagnostic or pharmaceutical composition of the present invention include baculovirus, 
vaccinia, sindbis virus, Sendai virus, adenovirus, an AAV virus or a parvovirus, such as MVM 
or H-1. The vector may also be a retrovirus, such as MoMULV, MoMuLV, HaMuSV, MuMTV, 
RSV or GaLV. For expression in mammals, a suitable promoter is e.g. human cytomegalovirus 
"immediate early promoter" (pCMV). Furthermore, tissue and/or organ specific promoters are 
useful. Preferably, the DNA sequences encoding a luminescent and/or fluorescent protein are 
operatively linked with a promoter allowing high expression. Such promoters, e.g. inducible 
promoters are well-known to the person skilled in the art. 

[0015] For generating the above described DNA sequences and for constructing expression 
vectors or viruses which contain said DNA sequences, it is possible to use general methods 
known in the art. These methods include e.g. in vitro recombination techniques, synthetic 
methods and in vivo recombination methods as described in Sambrook et al., Molecular 
Cloning, A Laboratory Manual, 2.sup.nd edition (1989) Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, N.Y., for example. Methods of transfecting cells, of phenotypically 
selecting transfectants and of expressing the DNA sequences by using the above described 
vectors are known in the art. 
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[0016] The person skilled in the art knows DNA sequences encoding luminescent or 
fluorescent proteins that can be used in the diagnostic or pharmaceutical of the present 
invention. During the past decade, the identification and isolation of structural genes encoding 
light-emitting proteins from bacterial luciferase from Vibrio harveyi (Belas et al., Science 218 
(1982), 791-793) and from Vibrio fischerii (Foran and Brown, Nucleic acids Res. 16 (1988), 
177), firefly luciferase (de Wet et a!., Mol. Cell. Biol. 7 (1987), 725-737), aequorin from 
Aequorea Victoria (Prasher et al., Biochem. 26 (1987), 1326-1332), Renilla luciferase from 
Renilla reniformis (Lorenz et al., PNAS USA 88 (1991), 4438-4442) and green fluorescent 
protein from Aequorea victoria (Prasher et al., Gene 111 (1987), 229-233) have been 
described that allow the tracing of bacteria or viruses based on light emission. Transformation 
and expression of these genes in bacteria allows detection of bacterial colonies with the aid of 
the low light imaging camera or individual bacteria under the fluorescent microscope 
(Engebrecht et al.. Science 227 (1985), 1345-1347; Legocki et al., PNAS 83 (1986), 9080- 
9084; Chalfie et al., Science 263 (1994), 802-805). 

[0017] Luciferase genes have been expressed in a variety of organisms. Promoter activation 
based on light emission, using lux AB fused to the nitrogenase promoter, was demonstrated in 
Rhizobia residing within the cytoplasm of cells of infected root nodules by low light imaging 
(Legocki et al., PNAS 83 (1986), 9080-9084; OXane et al., J. Plant Mol. Biol. 10 (1988), 387- 
399). Fusion of the lux A and lux B genes resulted in a fully functional luciferase protein 
(Escher et al., PNAS 86 (1989), 6528-6532). This fusion gene (Fab2) was introduced into 
Bacillus subtilis and Bacillus megatherium under the xylose promoter and then fed into insect 
larvae and was injected into the hemolymph of worms. Imaging of light emission was 
conducted using a low light video camera. The movement and localization of pathogenic 
bacteria in transgenic arabidopsis plants, which carry the pathogen-activated PAL promoter- 
bacterial luciferase fusion gene construct, was demonstrated by localizing Pseudomonas or 
Ervinia spp. infection under the low light imager as well as in tomato plant and stacks of 
potatoes (Giacomin and Szalay, Plant Scl. 116 (1996), 59-72). 

[0018] All of the luciferases expressed in bacteria require exogenously added substrates such 
as decanal or coelenterazine for light emission. In contrast, while visualization of GFP 
fluorescence does not require a substrate, an excitation light source is needed. More recently, 
the gene cluster encoding the bacterial luciferase and the proteins for providing decanal within 
the cell, which includes luxCDABE was isolated from Xenorhabdus luminescens (Meighen and 
Szittner, J. Bacterid. 174 (1992), 5371-5381) and Photobacterium leiognathi (Lee et al., Eur. J. 
Biochem. 201 (1991), 161-167) and transferred into bacteria resulting in continuous light 
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emission independent of exogenously added substrate (Fernandez-Pinas and Wolk, Gene 150 
(1994), 169-174). Bacteria containing the complete lux operon sequence, when injected 
intraperitoneally, intramuscularly, or intravenously, allowed the visualization and localization of 
bacteria in live mice indicating that the luciferase light emission can penetrate the tissues and 
can be detected externally (Contag et al., Mol. Microbiol. 18 (1995), 593-603). 

[0019] Preferably, the microorganism is a bacterium, e.g. attenuated Particularly preferred is 
attenuated Salmonella thyphimurium, attenuated Vibrio cholerae or attenuated Listeria 
monocytogenes or E. coli. Alternatively, viruses such as Vaccinia virus, AAV, a retrovirus etc. 
are also useful for the diagnostic and therapeutic compositions of the present invention. 
Preferably, the virus is Vaccinia virus. 

[0020] Preferably, the cell of the diagnostic or therapeutic composition of the present invention 
is a mammalian cell such as stem cells which can be autologous or heterologous concerning 
the organism. 

[0021] In a further preferred embodiment of the diagnostic or therapeutic composition of the 
present invention the luminescent or fluorescent protein is a luciferase, green fluorescent 
protein (GFP) or red fluorescent protein (RFP). 

[0022] In a particularly preferred embodiment, the microorganism or cell of the diagnostic or 
pharmaceutical composition of the present invention additionally contains a gene encoding a 
substrate for the luciferase. In an even more preferred embodiment, the microorganism or cell 
of the diagnostic or pharmaceutical composition of the present invention contains a ruc-gfp 
expression cassette which contains the Renilla luciferase (rue) and Aequorea gfp cDNA 
sequences under the control of a strong synthetic early/late (PE/L) promoter of Vaccinia or the 
luxCDABE cassette. 

[0023] A preferred use of the microorganisms and cells described above is the preparation of a 
diagnostic composition for tumor-imaging. The diagnostic composition of the present invention 
can be used e.g. during surgery, to identify tumors and metastasis. Furthermore, the 
diagnostic composition of the present invention is useful for monitoring a therapeutic tumor 
treatment. Suitable devices for analysing the localization or distribution of luminescent and/or 
fluorescent proteins in an organism, organ or tissue are well known to the person skilled in the 
art and, furthermore described in the literature cited above as well as the Examples, below. 
Additionally, the microorganisms and cells can be modified in such a way that they bind 
metalls and consequently are useful in MR! technology to make this more specific. 
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[0024] The present invention also relates to a pharmaceutical composition containing a 
microorganism or cell as described above, wherein said microorganism or cell furthermore 
contains one or more expressible DNA sequence(s) encoding (a) protein(s) suitable for tumor 
therapy and/or elimination of metastatic tumors, such as a cytotoxic protein, a cytostatic 
protein, a protein inhibiting angiogenesis, or a protein stimulating apoptosis. Such proteins are 
well-known to the person skilled in the art. Furthermore, the protein can be an enzyme 
converting an inactive substance (pro-drug) administered to the organism into an active 
substance, i.e. toxin, which is killing the tumor or metastasis. For example, the enzyme can be 
glucuronidase converting the less toxic form of the chemoterapeutic agent 
glucuronyldoxorubicin into a more toxic form. Preferably, the gene encoding such an enzyme 
is directed by a promoter which is inducible additionally ensuring that the conversion of the 
pro-drug into the toxin only occurs in the target tissue, i.e. tumor. Such promoters are e.g. 
IPTG-, antibiotic-, heat-, pH-, light-, metall-, aerobic-, host cell-, drug-, cell cycle- or tissue 
specific-inducible promoters. Additional examples of suitable proteins are human endostatin 
and the chimeric PE37/TGF-alpha fusion protein. Endostatin is a carboxyterminal peptide of 
collagen XVIII which has been characterized (Ding et al., PNAS USA 95 (1998), 10443). It has 
been shown that endostatin inhibits endothelial cell proliferation and migration, induces G1 
arrest and apoptosis of endothelial cells in vitro, and has antitumor effect in a variety of tumor 
models. Intravenous or intramuscular injection of viral DNA and cationic liposome-complexed 
plasmid DNA encoding endostatin result in limited expression levels of endostatin in tumors. 
However intratumoral injection of purified endostatin shows remarkable inhibition of tumor 
growth. Pseudomonas exotoxin is a bacterial toxin secreted by Pseudomonas aeruginosa. PE 
elicits its cytotoxic effect by inactivating elongation factor 2 {EF-2), which results in blocking of 
protein synthesis in mammalian cells. Single chain PE is functionally divided into three 
domains: domain la is required for binding to cell surface receptor, domain II is required for 
translocating the toxin into the target cell cytosol, and domain III is responsible for cytotoxicity 
by inactivating EF-2. PE40 is derived from wild type Pseudomonas exotoxin that lacks the 
binding domain la. Other proteins such as antibody fragments or protein ligands can be 
inserted in place of the binding domain. This will render the PE40-ligand fusion protein specific 
to its receptor. One of the highly specific engineered chimeric toxins is the TGF alpha/PE40 
fusion protein, where the C-terminus of TGF alpha polypeptide has been fused in frame with 
the N-terminus of the PE40 protein. TGF alpha is one of the ligands of epidermal growth factor 
receptor (EGFR), which has been shown to be preferentially expressed on the surface of a 
variety of tumor cells. TGF alpha-PE40 fusion protein has been shown to be highly toxic to 
tumor cells with elevated EGFRs on the cell surface and while it is less toxic to nearby ceils 
displaying fewer numbers of surface EGFR. The toxicity of TGF alpha-PE40 chimeric protein is 
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dependent on a proteolytic processing step to convert the chimeric protein into its active form, 
which is carried out by the target. To overcome the requirement for proteolysis, a new chimeric 
toxin protein that does not require processing has been constructed by Theuer and coworkers 
(J.Biol.Chem. 267 (1992), 16872). The novel fusion protein is termed PE37/TGF alpha, which 
exhibited higher toxicity to tumor cells than the TGF alpha-PE40 fusion protein. 

[0025] Thus, in a preferred embodiment of the pharmaceutical composition, the protein 
suitable for tumor therapy is endostatin (for inhibition of tumor growth) or recombinant chimeric 
toxin PE37/transforming growth factor alpha (TGF-alpha) (for cytotoxicity to tumor cells). 

[0026] Moreover, the delivery system of the present application even allows the application of 
compounds which could so far not be used for tumor therapy due to their high toxicity when 
systemicly applied. Such compounds include proteins inhibiting elongation factors, proteins 
binding to ribosomal subunits, proteins modifying nucleotides, nucleases, proteases or 
cytokines (e.g. IL-2, IL-12 etc.), since experimental data suggest that the local release of 
cytokines might have a positive effect on the immunosuppressive status of the tumor. 

[0027] Furthermore, the microorganism or cell can contain a BAG (Bacterial Artificial 
Chromosome) or MAC (Mammalian Artificial Chromosome) encoding several or all proteins of 
a specific pathway, e.g. anti-angionesis, apoptosis, woundhealing-pathway or anti-tumor 
growth. Additionally the cell can be cyber cell or cyber virus endocing these proteins. 

[0028] For administration, the microorganisms or cells of the present invention are preferably 
combined with suitable pharmaceutical carriers. Examples of suitable pharmaceutical carriers 
are well known in the art and include phosphate buffered saline solutions, water, emulsions, 
such as oil/water emuslions, various types of wetting agents, sterile solutions etc.. Such 
carriers can be formulated by conventional methods and can be administered to the subject at 
a suitable dose. Administration of the microorganisms or cells may be effected by different 
ways, e.g. by intravenous, intraperetoneal, subcutaneous, intramuscular, topical or intradermal 
administration. The preferred route of administration is intravenous injection The route of 
administration, of course, depends on the nature of the tumor and the kind of microorganisms 
or cells contained in the pharmaceutical composition. The dosage regimen will be determined 
by the attending physian and other clinical factors. As is well known in the medical arts, 
dosages for any one patient depends on many factors, including the patient's size, body 
surface area, age, sex, the particular compound to be administered, time and route of 
administration, the kind, size and localization of the tumor, general health and other drugs 
being adminstered concurrently. 
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[0029] Preferred tunnors tliat can be treated with the microorganisms or cells of the present 
invention are bladder tumors, breast tumors, prostate tumors, glioma tumors, 
adenocarcinomas, ovarial carcinomas, and pancreatic carcinomas; liver tumors, skin tumors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1: External Imaging of GFP Expression in Subcutaneous C6 Glioma Tumors in 
Nude Mice 

[0031] C6 glioma cells (5.times.10.sup.5) were implanted subcutaneously into the right lateral 
thigh. At designated days after tumor cell implantation, the animals were infected intravenously 
with 1.times.10.sup.8 pfu of rW-ruc-gfp virus particles. GFP expression was monitored under 
a fluorescence stereomicroscope. Bright field (top), fluorescence (middle), and bright field, 
fluorescence overlay (bottom) images of subcutaneous glioma tumor are shown. GFP signal 
can be observed in tumors as small as 22 mm.sup.3 in size (B-B"), or as old as 18 days (about 
2500 mm.sup.3 in size) (A-A"). In older tumors, GFP expression was seen in "patch"-like 
patterns (indicated by arrows in A'). Marker gene expression in the tumor of the same animal 
can be monitored continuously 4 (C-C"), 7 (D-D"), and 14 (E-E") days after intravenous viral 
injection. (Bars=5 mm.) 

[0032] FIG. 2: Visualization of Tumor Angiogenesis 

[0033] C6 glioma cells (5.times.10.sup.5) were implanted subcutaneously into the right lateral 
thigh of nude mice. Ten days after tumor cell implantation, the animals were infected 
intravenously with 1 .times. 10. sup.8 pfu of rW-ruc-gfp. GFP expression was monitored 7 days 
post-viral injection. Vascularization at the surface of the subcutaneous C6 glioma tumor is 
shown against the bright green fluorescent background in the tumor following Vaccinia- 
mediated gene expressions. Bright field (A), fluorescence (B), and bright field, fluorescence 
overlay (C) images of subcutaneous glioma tumor are illustrated. (Bars=5 mm.) 

[0034] FIG. 3: Expression of GFP in Subcutaneous Glioma Tumor of the Same Animal 

[0035] Five days after the subcutaneous implantation of 5.times.10.sup.5 C6 glioma cells into 
the right lateral thigh, IO.sup.8 of rW-ruc-gfp virus particles were injected intravenously. Five 
days after viral injection, the animal was anesthetized and sacrificed for analysis of GFP 
expression under fluorescence microscope. The tumor was visualized externally (A-K), with 
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the overlying skin reflected (B-B"), in cross section (C-C"), and in the amputated leg (D-D"). 
Bright field (A), fluorescence (B), and bright field, fluorescence overlay (C) images of 
subcutaneous glioma tumor are illustrated. The strongest GFP expressions are seen as 
patches located along the outer surface of the tumor on the right (double arrows in C-C"). 
Sharp difference of GFP expression in tumor tissue and in the normal muscle tissue (arrows in 
D-D") is clearly visible. Asterisks mark the reflected skin (B-B" and D-D"). (Bars=5 mm.) 

[0036] FIG. 4: Bright Field (A) and Fluorescence (B) Images of Tumor Cells Expressing GFP 

[0037] Frozen sections (30 .mu.m thick) of the glioma tumor tissues were prepared from a 
nude mouse that has been intravenously injected with 1. times. 10. sup. 8 of rW-rucgfp virus 
particles. (Bars=50 .mu.m.) 

[0038] FIG. 5: Low Light Image of the Anesthetized Nude Mouse to Indicate the Location of 
Renilla luciferase-Triggered Light Emission in the Presence of Intravenously Injected Substrate 
Coelenterazine (5 .mu.g Ethanol Solution) 

[0039] FIG. 6: Monitoring Tumor-Specific Viral Infection Based on GFP Gene Expression in a 
Variety of Tumor Models 

[0040] including subcutaneous PC-3 human prostate tumor (A-A") and MCF-7 human breast 
tumor (B-B") in nude mice, intracranial C6 rat glioma tumor (C-C", arrows indicate the location 
of the tumor) in Lewis rats, and MB-49 human bladder tumor (D-D") in C57 mice. Animals were 
monitored 7 days after intravenous injections of l.times.lO.sup.8 of rW-ruc-gfp virus particles. 
Bright field (top), fluorescence (middle), and bright field, fluorescence overlay (bottom) images 
of the tumor are illustrated. (Bars=5 mm.) 

[0041] FIG. 7: Monitoring Vaccinia-Mediated GFP Expression in a Breast Tumor Model 

[0042] Nude mouse carrying breast tumor was injected intravenously with 1.times.10.sup.8 of 
rW-ruc-gfp virus particles. Both the primary tumor (A-A", B-B", and C-C") and the 
metastasized tumor (D-D", E-E", and F-F") were visualized externally (A-A" and D-D"), with 
overlying skin removed (B-B" and E-E"), and when they were split open (C-C" and F-F") in a 
set of bright field, fluorescence (') and bright field, fluorescence overlay (") images. GFP 
expression in lung metastases in the same animal was also visualized (G-G"). (Bars=5 mm (A- 
A" to F-F"), and Bars=1 mm (G-G"). 
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[0043] FIG. 8: Visualization of the Clearance of Light Emitting Bacteria From Nude Mice Based 
on the Detection of Light Emission Under the Low Light Imager 

[0044] Nude mice were intravenously injected with 10. sup. 7 cells of attenuated S. typhimurium 
(A, B) and V. cholera (C, D). Both strains were transformed with pLITE201 carrying the lux 
operon. Photon collection was done 20 min (A, C) and 2 days (B, D) after bacterial injections. 

[0045] FIG. 9: Homing of Glioma Tumors by Attenuated Bacteria 

[0046] Nude mice with a C6 glioma tumor in the right hind leg were intravenously injected with 
10. sup. 7 attenuated S. typhimurium (A-D) and with V. cholera (E-H) both transformed with 
pLITE201 plasmid DNA encoding the lux operon. Photon collection was carried out for one 
minute under the low light imager. Mice injected with S. typhimurium exhibited luminescence 
immediately through the whole animal (A). In contrast, luminescence in the mice injected with 
V. cholera was visible in the liver area (E). Two days after bacterial injection, both groups of 
mice demonstrated luminescence only in the tumor region (B, F). The light emission in the 
tumors infected with S. typhimurium slowly diminished four (C) and six (D) days after bacterial 
injection. Tumors infected with V. cholera showed enormously increased light emission four 
(G) and six (H) days after injection suggesting continued replication of the bacteria in the tumor 
tissues. 

[0047] FIG. 10: Homing in of Bacteria onto Breast Tumors 

[0048] Nude mice with breast tumors in the right breast pad were intravenously injected with 
10. sup. 7 attenuated V. cholera (A-D) and with 10.sup.7 E. coli (E-F) transformed with 
pLITE201 plasmid DNA encoding the lux operon. Photon collection was carried out for one 
minute under the low light imager. Twenty minutes after bacterial delivery, luminescent V. 
cholera were observed in the liver (A). Forty-eight hours after injection, light emission was 
noted in the primary breast tumor in the right breast area and a metastatic tumor (arrow) in the 
left breast area, and in the incision wound (B). At five days, the light emission was visible only 
in the tumor regions, and non at the wound (C). Eight days after bacterial injection, the 
luminescent activity was abolished from the smaller tumor region but remained strong in the 
primary breast tumor (D). Homing in of E. coli onto breast tumors in nude mice was also 
observed two days after intravenous bacterial injection (E: side view, F: ventral view). 

[0049] FIG. 11: Homing in of Bacteria Onto Bladder Tumors in C57 Mice 
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[0050] C57 mice were intravenously injected with 10. sup. 7 attenuated V. cholera transformed 
with pLITE201 encoding the lux operon. Nine days after bacterial delivery, luminescence was 
noted in the bladder region of the whole animal (A). The animal was sacrificed and an 
abdominal incision was made to expose the bladder. The light emission was limited to the 
bladder region (B). With the removal of the bladder (C) from the mouse, the entire source of 
light emission was removed (D) as demonstrated by the overlay of the low light photon 
emission image over the photographic image of the excised bladder. 

[0051] FIG. 12: Homing in of Bacteria onto Brain Glioma Tumors in Lewis Rats 

[0052] Lewis rats were intravenously injected with IO.sup.8 cells of attenuated V. cholera 
transformed with pLITE201 encoding the lux operon. Twenty-four hours after bacterial 
injection, faint luminescence was noted in the head region of the whole animal during 
visualization under the low light imager. The animals were sacrificed and their brain removed. 
Photon collection was carried out for one minute from rats with (A) and without (B) brain 
tumors. Strong luminescence was confirmed in regions of the brain of the rats with the brain 
tumor (marked with arrows in A). Luminescence was completely absent in the control brain 
tissues (B). 

[0053] FIG. 13: Transformed Human Fibrosarcoma Cells Home in on Subcutaneous Glioma 
Tumors in Nude Mice 

[0054] Nude mice with human breast tumors were injected intravenously with 5.times.10.sup.5 
human fibrosarcoma cells, which were permanently transformed with retrovirus derived from 
pLEIN. Seven days post-injection, the animals were anesthetized and monitored under a 
fluorescent stereomicroscope. Fluorescent cells were noted only in the tumor region of the 
whole mice through the skin (A1-3). Upon exposure of the tumor tissues by reflection of the 
overlying skin (B1-3), and in cross sections of the tumors (C1-3), fluorescent patches were 
visible in distinct regions. Close examination of the organs of the mice showed the presence of 
small clusters of fluorescent cells in the lungs of the animals, demonstrating the affinity of the 
fibrosarcoma cells for the lungs in addition to the tumorous tissues (D1-3). (Bars=5 mm (A1- 
C3).=1 mm (D1-D3)). 

[0055] FIG. 14: Homing of Attenuated Listeria monocytogenes into Subcutaneous Prostate 
Tumors 

[0056] Nude mice with subcutaneous human PC3 prostate tumor in the right hind leg were 
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intravenously injected with 10.sup.7 attenuated L. monocytogenes transformed with pSOD-gfp 
plasmid DNA carrying the gfp cDNA, GFP fluorescence was observed under a fluorescence 
stereo microscope. Twenty-seven hours after bacterial injection, GFP signal was detected only 
in the tumor region. The tumor is shown in a set of visible light (a), fluorescent (b), and visible 
and fluorescent light overlay (C) images. (Bars=5 mm.) 

[0057] The present invention is explained by the examples. 

EXAMPLE 1 

Materials and Methods 

[0058] (A) Bacterium strains. The bacterial strains used were attenuated Salmonella 
typhimurium (SL7207 hisG46, DEL407[aroA544::Tn10]), attenuated Vibrio cholerae (Bengal 2 
Serotyp 0139, M010 DattRSI), and attenuated Listeria monocytogenes (D2 mpl, actA, pIcB). 
The bacterial strains were kindly provided by Prof. W. Gobel (University of Wurzburg, 
Germany). 

[0059] (B) Plasmid constructs. The plasmid pLITE201 containing the luxCDABE cassette was 
obtained from (Voisey and Marines, Biotech 24, 1998, 56-58). The plasmid pXylA-dual with the 
operon sequence of gfp-cDNA, lux AB, lux CD, and lux E under the control of the Xylose 
promoter was kindly provided by Dr. Phil Hill (University of Nottingham, UK). 

[0060] (C) Transformation of Bacteria 

[0061] The bacteria were transformed by electroporation. 

[0062] (D) Tumor Cell lines. The rat C6 nitrosourea-induced glioma cell line (ATCC, Rockille, 
Md.) was cultured in RPMI-1640 medium (Cellgro, Mediatech, Inc., Herndon, Va.) 
supplemented with 10% (v/v) FBS and 1. times. penicillin/streptomycin. The human PC3 
prostate carcinoma cell line (ATCC, Rockville, Md.) and the Human MB-49 bladder tumor cells 
and rat 9L glioma cells were maintained in DMEM medium (Cellgro, Mediatech, Inc., Herndon, 
Va.) supplemented with L-glutamine and 10% (v/v) FBS. HT1080 fibrosarcoma cells (ATCC, 
Manassas, Va.) were cultured in F12 minimal essential media (Cellgro, Mediatech, Inc., 
Herndon, Va.) supplemented with 10% FBS and 1. times. penicillin/streptomycin. The MCF-7 
human mammary carcinoma cell line (ATCC, Rockville, Md.), permanently transformed with a 
plasmid carrying pro-IGF-ll cDNA (obtained from Dr. Daisy De Leon, Loma Linda luniversity. 
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Loma Linda, Calif.) was cultured in DMEM/F12 medium supplemented with 5% FBS and 
560 .mu.g/ml of G418 (Life Technologies, Grand Island, N.Y.). 

[0063] (E) Production and propagation of retrovirus to generate a light-emitting stably 
transformed cell line. PT67 packing cells (Clontech, Palo Alto, Calif.) were cultured in DMEM 
medium supplemented with 10% (v/v) FBS. At 70% confluence, PT67 cells were transformed 
with pLEIN (Clontech, Palo Alto, Calif.) using calcium phosphate precipitation method 
(Profection Mammalian Transfection Systems, Promega, Madison, Wis.) for 12 hours. Fresh 
medium was replenished at this time. Retroviral supernatant collected from PT67 cells 48 
hours post transformation were filtered through a 0.45 .mu.m filter and was added to target 
HT1080 cells along with polybrene to a final concentration of 4 .mu.g/ml. The medium was 
replaced after 24 hours and the cells were treated with G418 selection at 400. mu.g/ml and 
stepwise increased to 1200 .mu.g/ml. 

[0064] (F) Recipient animals and tumor models. Five- to six-week-old male BALB/c athymic 
nu/nu mice (25-30 g in body weight) and Lewis rats (250-300 g in body weight) were 
purchased from Harlan (Frederick, Md.). C57BL/6J Min/+ mice were obtained from Jackson 
Laboratories (Bar Harbor, Me.), Min (multiple intestinal neoplasia) is an autosomal dominant 
trait involving a nonsense mutation in codon 850 of the murine Ape gene, which renders these 
animals susceptible to spontaneous intestinal adenoma formation. Female BALB/c athymic 
nu/nu mice baring MCF-7 human breast tumor implants were generated and kindly provided by 
Dr. Daisy DeLeon and Dr. Tian (Loma Linda University, Loma Linda, Calif.). C57 mice with 
orthotopically implanted human MB-49 tumor cells in the bladder were generated and kindly 
provided by Dr. Istvan Fodor (Loma Linda University, Loma Linda, Calif.). All animal 
experiments were carried out in accordance with protocol approved by the Loma Linda 
University animal research committee. The animals containing recombinant DNA materials and 
attenuated pathogens were kept in Loma Linda University animal care facility under biosafety 
level two. 

[0065] (G) Propagation of recombinant vaccinia Virus. Vaccinia virus Lister strain (LIVP) was 
used as a wild type virus. Recombinant Vaccinia virus rW-ruc-gfp was constructed by 
inserting, via homologous recombination, the ruc-gfp-cassette into the Vaccinia virus genome 
(Wang et al., Proc. Biolumin. Chemilumin. 9, 1996, 419-422). The virus was amplified in CV-1 
cells by addition of virus particles at a multiplicity of infection (MOI) of 0. 1 pfu/cell to CV-1 cell 
monolayers followed by incubation at 37. degree. C. for 1 h with brief agitation every 10 min. At 
this time, the supernatant fluid with virus particles was removed, and the cell monolayers were 
washed once with serum free medium. Complete growth medium was then added and the 
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cells were incubated at 37. degree. C. rW-ruc-gfp virions propagated in CV-1 cells were 
purified through a sucrose gradient. A plaque assay was used 72 h after infection to determine 
the titer of recombinant virus by staining the cells with 50% crystal violet solution in ethanol. 

[0066] (H) Generation of mice carrying tumor implants. To obtain tumors in nude mice, C6 
glioma cells were grown, harvested and the cell number was determined by the Trypan Blue 
exclusion method. Disinfectant was applied to the skin surface, then approximately 
5.times.10.sup.5 cells were suspended in 100 .mu.l of phosphate buffered saline (PBS) and 
injected subcutaneously into the right lateral thigh of each mouse. Tumor growth was 
monitored by recording the size of the tumor with a digital caliper. Tumor volume (mm. sup. 3) 
was estimated by the formula (L.times.H.times.W)/2, where L is the length, W is the width, and 
H is the height of the tumor in mm. 

[0067] Intracerebral glioma tumors were generated by injecting C6 glioma cells into the head of 
rats. Prior to injection, rats were anesthetized with sodium pentobarbital (Nembutal. RTM. 
Sodium solution, Abbot Laboratories, North Chicago, III.; 60 mg/kg body weight). A midline 
scalp incision (0.5-1 cm) was made, the skin was retracted, and a 1 mm burr hole was made in 
the skull at a location 2 mm to the left and 2.5 mm posterior to the brigma. Tumor cells were 
pipetted into an insulin syringe, which was fitted with a 29-gauge needle and mounted in a 
stereotactic holder. The needle was inserted vertically through the burr hole to a depth of 3 
mm. After injection into the brain of 5.times.10.sup.5 C6 cells in a 10 .mu.l volume, the needle 
was kept in place for 15 sec and then withdrawn. The skin incision was closed with surgical 
clips. Mice bearing subcutaneous prostate tumors were generated over a period of one month 
following subcutaneous implantation of 3.times.10.sup.6 PC3 human prostate cells. 

[0068] MB-49 human bladder tumor cells were implanted in the C57 mouse bladder to produce 
animals with bladder tumors. To generate animals with breast cancer (Tian and DeLeon, 
submitted for publication), female nude mice were first implanted with 0.72 mg/90 day-release 
17. beta. -estradiol pellets (Innovative Research, Rockville, Md.) in the skin to facilitate breast 
tumor development and metastasis. One day after estrogen pellet implantation, 
1.times.10.sup.6 MCF-7 human breast carcinoma cells transformed with pro-IGF-ll (Dull et al., 
Nature 310 (1984), 777-781) were implanted in the mammary fat pad. For orthotopic 
transplants, tumors developed from implanted cells were resected and minced into 1- 
mm.sup.3 cubes for tissue transplantation into the mammary fat pad. 

[0069] (I) Assay of Renilla luciferase in live animals. Mice were anesthetized with Nembutal (60 
mg/kg body weight) before every Renilla luciferase assay. Renilla luciferase activities were 
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determined after intravenous injection of a nnixture of 5 .mu.l of coelenterazine (0.5 .mu.g/.mu.l 
diluted ethanol solution) and 95 .mu.l of luciferase assay buffer (0.5 M NaCI; 1 mM EDTA; and 
0.1 M potassium phosphate, pH 7.4). Whole live animals were then imaged in a dark box using 
a Hamamatsu low light video camera, and the images were recorded using Image Pro Plus 3.1 
software (Media Cybernetics, Silver Spring, Md.). The pseudocolored photon emission image 
was superimposed onto the gray scale image of the animal in order to precisely locate the site 
of light emission. 

[0070] (J) Fluorescence microscopy of live animals. Mice were anesthesized with Nembutal 
(60 mg/kg body weight) before tumor visualization. External imaging of GFP expression in live 
animals was performed using a Leica MZ8 stereo fluorescence microscope equipped with a 
mercury lamp power supply and a GFP filter (excitation at 470 nm). Images were captured 
using a SONY DKC-5000 3CCD digital photo camera. 

[0071] (K) Detection of luminescence and fluorescence. Immediately before imaging, mice and 
rats were anesthetized with Nembutal. RTM. (60 mg/kg body weight). The animals were placed 
inside the dark box for photon counting and recording superimposed images (ARGUS 100, 
Hamamatsu, Hamamatsu, Japan). Photon collection was for one minute from ventral and 
dorsal views of the animals. A light image was then recorded and the low light image was then 
superimposed over the light image to record the location of luminescent activity. 

[0072] Imaging of GFP expression in tumors of live animals was performed using a Leica MZ8 
stereo fluorescence microscope equipped with a mercury lamp power supply and a GFP filter 
(excitation at 470 run). Images were captured using a SONY DKC-5000 3CCD digital photo 
camera. 

[0073] (L) Histology of tumor tissues. Under anesthesia, the animals were euthanized with an 
overdose of Nembutal. RTM.. The tissues of interest were removed, embedded in Tissue-Tek 
OCT compound (Miles Scientific, Naperville, III.) and immediately frozen in liquid nitrogen 
without fixation. Frozen sections were cut at -20. degree. C. using a Reichert-Jung Cryocut 
1800 cryostat. GFP fluorescence of the tissues was monitored under a Leica fluorescence 
microscope and the images were recorded using Photoshop software. 

EXAMPLE 2 

Results Obtained by Intravenous Injection of Recombinant Vaccinia Virus rW-ruc-gfp into 
Mice 
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(A) Monitoring of Virus-Mediated Marker Gene Expression in Immunodeficient Mice 

[0074] Vaccinia virus (1. times. 10. sup. 8 pfu) carrying the Renilla luciferase--GFP fusion 
expression cassette (rW-ruc-gfp) was introduced intravenously into nude mice with no tumors. 
The animals were observed once every 3 days over a two-week time period under the low-light 
imager to monitor luciferase catalyzed light emission immediately after intravenous injection of 
coelenterazine, and under a fluorescence microscope to visualize GPP expression. Neither 
apparent luminescence nor green fluorescence was detected in the animals when imaged 
externally, except at certain locations that had small skin lesions. Such luminescence and 
fluorescence signals disappeared after a few days once the lesions had healed. Animals were 
sacrificed one week and two weeks after viral infection, and their organs were removed and 
examined for the presence of luminescence and GPP fluorescence signals. One week after 
viral injection, no luminescence or green fluorescence could be detected in brain, liver, lung, 
spleen, kidney or testis. These results indicated that the rW-ruc-gfp virus did not show organ 
specificity after injection and that the virus seemed to be cleared from the animal by the 
immune system soon after systemic delivery via the bloodstream. 

(B) Visualization of Vaccinia Virus-Mediated Marker Gene Expression in Glioma Tumors of 
Live Nude Mice 

[0075] The distribution of injected Vaccinia virus in nude mice bearing subcutaneously 
implanted C6 glioma tumors was examined. Nude mice with tumors approximately 500 
mm.sup.3 in size were injected intravenously with 1. times. 10.sup.8 pfu of the rWruc-gfp virus. 
Seven days after virus injection, the animals were monitored for GFP expression under a 
fluorescence microscope to determine the presence of viral infection and multiplication in the 
tumors, which had grown to approximately 2500 mm.sup.3 in size. Surprisingly, green 
fluorescence was detected only in the tumor regions in live animals. Seven days after viral 
injection, the GFP fluorescence was very intensely localized in a patch-like pattern restricted to 
the tumor region (PIG. 1 A-A"). These patches, often seen at the end of blood vessel branches, 
may have indicated local viral infection of tumor cells that surround the leaky terminals of 
capillary vessels. During real-time observation of the same tumors, the GPP signal from the 
center of these patches started to disappear, and new green fluorescent centers appeared in 
the form of rings at the periphery of the fading patches. The new sites of intense GPP 
fluorescence may have resulted from progression of the viral infection to nearby cells within 
the tumor during tumor growth and expansion. After careful examination of the mice, with the 
exception of the tumor region, no detectable green fluorescence was seen elsewhere on the 
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body surface or in the dissected organs. This experiment clearly showed that a mature solid 
tumor could be easily localized by the labeled Vaccinia virus, based on light-emission, and it 
also demonstrated the affinity of virus particles for the tumor tissue. 

[0076] To determine whether tumor size and vascularization are decisive factors for viral 
retention in tumors, nude mice were intravenously injected with 1 .times. 10. sup. 8 rW-ruc-gfp 
Vaccinia virus particles one day after subcutaneous C6 cell implantation. Surprisingly, 4 days 
after viral injection GFP expression was seen in 5-day-old C6 tumors that had a volume of 
about 25 mm. sup. 3 (FIG. 1B-B"). Examination of labeled Vaccinia virus tumor targeting by 
visualization of GFP expression in implanted tumors younger than 5 days was not feasible in 
live mice, since sufficient levels of marker gene expression required approximately 4 days to 
allow detection under a fluorescence microscope. 

[0077] The finding that injection of the rW-ruc-gfp Vaccinia virus into the bloodstream of the 
host resulted in GFP expression and accumulation in tumors suitable for non-invasive tumor 
detection allowed us to follow the entry and replication process of this virus in the same animal 
in real time (FIG. 1 C-C", D-D" and E-E"). A continuously increasing level of GFP fluorescence 
was observed in the same animal throughout 20 days following viral injection, which was the 
time scheduled before sacrificing the animals. Such an increase in detectable fluorescence 
was indicative of a very strong viral replication in the tumor tissue, the latter appearing to 
function as a protective immunoprivileged environment for viral replication. Interestingly, the 
location of blood vessels and the neovascularization within the periphery of the enlarging 
tumor were readily visible and confirmed by external visualization against a bright green 
fluorescent background (FIG. 1A-A", D-D", E-E" and FIG. 2). 

[0078] To determine the location of viral infection within the tumors, the animals were 
sacrificed and the skin over the tumor was carefully reflected to expose the tumor. In the 
exposed tumor, GFP fluorescence was found to be concentrated exclusively in the tumor 
tissue (FIG. 3B-B" and D-D"). The non-tumorous thigh muscles did not show any fluorescence 
of viral infection, as indicated by arrows in FIG. 3D-D". The skin overiying the tumor was also 
non-fluorescent (indicated by asterisks in FIG. 3B-B" and D-D"). Cross sections of the tumor, 
however, revealed that strong green fluorescent regions were mostly found as patches in the 
periphery of the tumor (double arrows in FIG. 3C-C") where the actively dividing tumor cells 
are presumably located. 

[0079] To further examine the pattern of viral infection in C6 glioma tumors based on GFP 
expression, the tumor tissues were sectioned for microscopic analysis under the fluorescence 
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microscope. Comparative analysis of various tissue sections revealed that GFP fluorescence 
was present in large clusters of cells within the tumor (FIG. 4), but no fluorescence was visible 
in normal tissues such as the heart, lung, liver, spleen, and kidney. 

[0080] In addition to GFP, the recombinant rW-ruc-gfp virus carried a second marker gene, 
which encoded the Renilla luciferase in the form of a fusion protein with GFP. Therefore we 
were able to directly superimpose the site of GFP fluorescence with light emission from Renilla 
luciferase in the tumors. Immediately after coelenterazine (substrate for Renilla luciferase) was 
delivered by intravenous injection, a very strong luciferase activity was recorded only in the 
tumor region under a low light video camera (FIG. 5). By lowering the sensitivity of the low light 
video camera to avoid saturation of light detection, we were able to identify the Renilla 
luciferase gene expression in localized patches in the periphery of the tumor. These patch-like 
patterns precisely correlated with the GFP signals. 

(C) Affinity of Vaccinia Virus Delivered to the Bloodstream for Different Tumors Implanted into 
Animals 

[0081] To determine whether the attraction of the Vaccinia virus was limited to glioma tumors 
or whether this attraction could be observed in other tumors, recombinant Vaccinia virus was 
recombinantly introduced into mice that carried different types of implanted tumors. One of 
these tumor models was a nude mouse with implanted subcutaneous PC-3 human prostate 
carcinoma. Although the PC3 implants from which tumors developed grew at a much slower 
rate than the implanted subcutaneous glioma tumors, these tumors showed the same 
dynamics with regards to Vaccinia virus infection when identical titers (1.times.10.sup.8) were 
injected intravenously (FIG. 6A-A"). Similar to our findings with glioma tumors, GFP expression 
was initially detected 4 days after virus injection, and the fluorescence lasted throughout the 3- 
week observation period. 

[0082] Female nude mice with established breast tumors were also used for labeled Vaccinia 
injections. These breast tumors were allowed to grow for 6 months after the animals received 
implants of MCF-7 human breast carcinoma cells transformed with pro-IGF-11 cDNA. At the 
time of Vaccinia virus injection, the tumors had reached maximum growth and the tumor 
volume (about 400-500 mm. sup. 3) did not change significantly during the experimental period. 
Similar to previous experiments, 6 days after intravenous delivery of 1.times.10.sup.8 rW-ruc- 
gfp virus particles, strong GFP expression was observed in the breast tumor region (FIG. 6B- 
B", FIG. 7A-A" and B-B") and nowhere else in the body. 
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[0083] Examination of cross sections of virus-infected breast tumors revealed luminescent 
"islands" throughout the tumors without any indication of central or peripheral preference of 
infection (FIG. 7C-C"). The MCF-7 tumor cells used in these breast tumor models are known to 
metastasize and in addition to the primary solid tumor, a smaller metastasized tumor found on 
the left lateral side of the body showed GFP fluorescence (FIG. 7D-D", E-E", and F-F"). 
Excised lung tissues were also examined for detection of metastases. Metastasized tumors as 
small as 0.5 mm in diameter on the surface of the lung were positive for GFP fluorescence 
(FIG. 7G-G"). The presence of a strong Renilla luciferase-mediated light emission confirmed 
the expression of the luciferase-GFP fusion protein in these breast tumors but nowhere else in 
the body when the substrate coelenterazine was injected intravenously into the live animals. 
These experiments showed that intravenously delivered Vaccinia virus particles were 
selectively attracted to and replicated in primary and metastasized breast tumors in nude mice, 
likely as a result of the immunocompromised state of the tumor microenvironment. 

[0084] To determine whether virus particles could move out of tumors and re-enter the 
circulation, we injected C6 glioma cells into the thigh of mice to form a second tumor in animals 
already carrying a breast tumor infected with labeled Vaccinia virus. If the virus particles were 
released from the tumor to re-enter the circulation in significant numbers they would be able to 
colonize the newly implanted glioma tumor. Monitoring of these second tumors showed that no 
GFP signal was visible in the new glioma tumor 7 and 14 days after implantation of the glioma 
cells. To demonstrate that the newly implanted glioma tumors could be targeted by labeled 
Vaccinia virus, a second dose of rW-ruc-gfp virus (1. times. 10.sup.8 pfu) was intravenously 
injected. Five days later, tumor-specific GFP expression was detected in the newly fornied 
glioma tumor in addition to GFP expression seen in the original breast tumor. These findings 
suggested that the virus particles in infected tumors were either not released back into the 
circulation at all, or were not released in sufficient numbers to infect and replicate in a second 
tumor. 

[0085] Two additional tumor models, including Lewis rats with intracranial C6 rat glioma tumors 
and C57 mice with MB-49 human bladder tumors in the bladder, were used for Vaccinia 
injections. To determine whether tumor-affinity of virus particles is a phenomenon limited to 
tumors in nude mice with a diminished T-lymphocyte function or whether it is a general 
protective property of tumors that may be demonstrated also in immunocompetent animals, 
Lewis rats with intracranial C6 rat glioma tumors and C57 mice with MB-49 human bladder 
tumors in the bladder were used. A total of 5.times.10.sup.5 C6 glioma cells in a 100 .mu.l 
volume were stereotactically implanted in the brains of 2 of 4 immunocompetent Lewis rats, 
and the tumors were allowed to grow for 5 days. The other 2 rats were injected intracranially 
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with phosphate-buffered saline to serve as controls. On day six, all 4 rats were intravenously 
injected with rVV-ruc-gfp virus particles via the femoral vein. Five days after virus injection, all 
4 animals were sacrificed, and their brains were carefully excised for analysis by fluorescence 
microscopy. GFP expression was detected in the brains with implanted intracranial tumors 
(FIG. 6C-C") while no GFP expression was seen in the control brains. In parallel experiments, 
C57 mice, with or without bladder tumors, were divided into two groups. One group was 
injected intravenously with rW-ruc-gfp Vaccinia virus (1. times. 10. sup. 8 pfu) and the other with 
saline solution as control. Five days after virus injection, the animals were sacrificed and 
examined under the fluorescence microscope. GFP expression was observed in the bladder 
tumor region in C 57 mice but not in control mice (FIG. 6D-D"). 

[0086] Taken together, these experiments show that Vaccinia virus particles were selectively 
accumulated and retained in a variety of tumors, probably protected by the tumor 
microenvironment, and that they were not able to survive in the non-tumorous tissues of 
immunocompromised as well as immunocompetent animals. The tumor-targeting process by 
intravenously injected Vaccinia virus carrying the light-emitting dual marker gene demonstrated 
the ability of the Vaccinia virus system to defect primary and metastatic tumors in live animals. 

EXAMPLE 3 

Results of Intravenous Injection of Bacterial and Mammalian Light-Emitting Cells into Mice 

(A) Visualization of Light Emitting Bacteria Present in Whole Animals After Intravenous 
Injection 

[0087] To determine the fate of intravenously injected luminescent bacteria in the animals, 
10. sup. 7 bacteria carrying the pLITE201 plasmid in 50 .mu.l were injected into the left femoral 
vein under anesthesia. Following closure of the incision with sutures, the mice were monitored 
under the low light imager (ARGUS 100 Camera System, Hamamatsu, Hamamatsu, Japan) in 
real time and photons were collected for one minute. The imaging was repeated in two-day 
time intervals to determine the presence of light emission from a given animal. It was found 
that the distribution pattern of light emission following an intravenous injection of bacteria into 
mice was characteristic of the bacterial strains used. Injection of the attenuated V. cholera into 
the bloodstream resulted in light emission localized in the liver immediately. Injection of S. 
typhimurium, however, was widely disseminated throughout the body of the animal suggesting 
a difference in the interaction with host cell system (FIG. 8A-8D). Imaging the same animals 24 
and 48 hours post-infection showed that all of the detectable light emission from the earlier 
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time dinninishecl rapidly and was elinninated connpletely from the injected animal. These 
findings suggest that light emitting bacteria injected into the bloodstream via the femoral vein 
are cleared. This process was confirmed by photon emission analysis of excised organs, which 
were found to lack light emission. Similar data were obtained in immunocompetent mice and 
rats suggesting that the removal of bacteria from the blood is efficient in both systems. 

(B) Bacteria Home in on Glioma Tumors in Nude Mice 

[0088] To determine if bacteria preferentially colonize tumorous tissues, nude mice with ten- 
day-old tumors (about 500 mm. sup. 3) in the tight hind leg were injected intravenously via the 
femoral vein with 10. sup. 7 S. typhimurium or 10. sup. 7 V. cholera in a 50 .mu.l volume of 
bacterial suspension. Following injection, the incision wounds were sutured and the animals 
were monitored for six days under the low light imager. At each observation time point, 
photons were collected for exactly one minute. In mice injected with S. typhimurium, 
luminescent bacteria were disseminated throughout the whole body of the animal similar to the 
findings in the non-tumorous mice (FIG. 9A). Nude mice injected with V. cholera, demonstrated 
luminescent activity only in the liver region during the early observation period (FIG. 9E). 
Regardless of the bacterial strain injected, two days after injection, luminescent activity was 
observed only in the tumor region (FIGS. 9B and 9F). Monitoring of the mice under the low 
light imager on days four and six post-injection showed decreased amounts of detectable 
luminescence in the tumors of animals injected with S. typhimurium (FIGS. 9C and 9D. This 
finding was in marked contrast with the findings in the tumors of mice injected with V. cholera, 
which demonstrated not only survival but also propagation of the bacteria in the tumor mass 
with a dramatic increase in light emission (FIGS. 9G and 9H). 

[0089] Nude mice bearing subcutaneous human PC3 prostate tumors in the right hind leg were 
intravenously injected with 10.sup.7 attenuated L. monocytogenes transformed with pSOD-gfp 
plasmid DNA carrying the gfp cDNA. GFP fluorescence was observed under a fluorescence 
stereomicroscope. Twenty-seven hours after bacterial injection, GFP signal was detected only 
in the tumor region (FIG. 10). No GFP signal was observed in the rest of the animal. 

(C) Determination of Minimum Size and Age of Glioma Tumors Necessary for Bacterial 
Infection. 

[0090] The purpose of this experiment was to determine whether the size of the tumor has any 
influence on its ability to be colonized by bacteria. Tumors were induced in the right hind leg of 
nude mice by subcutaneous injection of glioma cells as described. On days 0, 2, 4, 6, 8, and 
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10 of tumor induction, attenuated S. typhimurium and V. cholera with the pLITE201 plasmid 
were injected intravenously through the femoral vein. Presence of luminescent bacteria in the 
tumor was determined by photon collection for exactly one minute under the low light imager 
two and four days post-infection. The tumor volume was also determined by measuring the 
dimensions with a digital caliper. The earliest time-point when luminescent activity was noted 
in the tumors was on day eight after tumor induction. Corresponding tumor volumes were 
approximately 200 mm.sup.3. 

(D) Bacteria Home in on Breast Tumors of Nude Mice 

[0091] In order to determine whether colonization of tumors is limited to glioma cells or whether 
this is a general phenomenon observed with all tumors, female nude mice baring tumors in the 
right breast pad were intravenously injected with 10.sup.7 V. cholera in a 50 .mu.l volume of 
bacteria suspension. The animals were monitored within the first 10 minutes after inoculation 
under the low light imager for one minute and demonstrated the typical luminescent pattern in 
the liver region (FIG. 11 A). Two days later, while the liver had become clear of luminescent 
bacteria, the breast tumor was colonized by the labeled V. cholera. In addition to the main 
tumor, a metastatic tumor in the left breast demonstrated luminescent activity (FIG. 1 1B). On 
day five, the animals had cleared the bacteria that colonized the incision wound, however, the 
tumors remained luminescent (FIG. 1C). FIG. 11D shows the continued colonization and 
propagation of the bacteria in the main tumor, while the metastatic, smaller tumor had become 
cleared. Luminescent activity continued for over 45 days in the right breast tumor. Similar 
experiments were conducted using E. coli to demonstrate that homing in of tumors by bacteria 
is not strain dependent (FIGS. 1 1 E and 1 1 F). 

[0092] To determine whether the bacteria from the tumor enter the blood circulation in 
significant quantities to colonize other sites, a second tumor (C6 glioma) was induced in these 
animals in the right hind led. The tumor was allowed to grow for 10 days. No luminescent 
activity was observed in the glioma tumor demonstrating the absence of a significant bacteria 
that would cause colonization of this tumor. However, when the animal was rechallenged with 
10.sup.7 attenuated V. cholera intravenously, the leg tumor showed strong luminescent 
activity. 

[0093] The findings of these experiments demonstrate that larger tumors retain bacteria more 
effectively over time. Furthermore, the bacteria within the tumors do not escape into the blood 
in sufficient quantities to infect susceptible sites such as other tumors. 
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[0094] C57 mice were intravenously injected with IO.sup.7 attenuated V. cholera transformed 
with pLITE201 encoding the lux operon. On day nine after bacterial delivery, luminescent 
activity was recorded by photon collection for one minute under the low light imager. Light 
emission was noted in the bladder region of the whole animal (FIG. 12A), The animals were 
sacrificed and an abdominal incision was made to expose the bladder. Luminescent activity 
was positively confirmed to be limited to the bladder (FIG. 12B). Upon removal of the bladder 
from the mice, luminescent activity was no longer visible anywhere in the animals, however, 
the excised bladders continued to demonstrate light emission (FIG. 12C). Based on the results 
of this experiment, bacteria can target tumors in immunocompetent as well as nude mice. 
Furthermore, the bacteria can also target smaller tumors. 

(F) Bacteria Home in on Glioma Tumors in the Brain of Rats 

[0095] Lewis rats with glioma tumors in the brain were intravenously injected with 10. sup. 8 
attenuated V. cholera with the pLITE20i plasmid through the left femoral vein to determine if 
bacteria can cross the blood-brain barrier and target tumors in immunocompetent animals. The 
whole animals were monitored for one minute under the low light imager the following day and 
low levels of luminescent activity was observed through the skull. The rats were sacrificed and 
the brain tissue was removed in one piece in order to further evaluate the exact location of the 
luminescent bacteria. Visualization of the excised brain under the imager demonstrated strong 
luminescent activity in specific regions of the brain (FIG. 13A). Similar imaging of control rats 
without brains tumors, which were intravenously injected with the labeled bacteria, 
demonstrated absence of any luminescent activity (FIG. 13B). 

(G) Transformed Human Fibrosarcoma Cells Home in on Subcutaneous Glioma Tumors in 
Nude Mice 

[0096] Nude mice with human breast tumors were injected intravenously with 5.times.10.sup.5 
human fibrosarcoma cells, which were permanently transformed with retrovirus derived from 
pLEIN. Seven days post-injection, the animals were anesthetized Nembutal, and monitored 
under a fluorescent stereomicroscope. Fluorescent cells were noted only in the tumor region of 
the whole mice through the skin (FIG. 14A1-3). Upon exposure of the tumor tissues by 
reflection of the overlying skin (FIG. 14B1-3), and in cross sections of the tumors (FIG. 14C1- 
3), fluorescent patches were visible in distinct regions. Close examination of the organs of the 
mice showed the presence of small clusters of fluorescent cells in the lungs of the animals. 
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demonstrating the affinity of the fibrosarconna cells for the lungs in addition to the tumorous 
tissue. 

EXAMPLE 4 

Construction of Bacterial Plasmid Vectors That Carry the Light-Emitting Protein Encoding 
Expression Cassettes and the Therapeutic Gene Expression Constructs in Cis Configuration 

(A) Rationale 

[0097] Using the light-emitting expression systems described above, tumors could be imaged 
based on light emission for up to 45 days in animals. These findings suggest a remarkable 
plasmid DNA stability in bacteria in the absence of selection. Therefore, by placing the 
therapeutic gene cassette in cis configuration with the light-emitting protein expression 
cassette on the same replicon, light emission can be used as an indicator of therapeutic 
construct presence and stability. 

[0098] In contrast to light-emitting proteins, the therapeutic proteins, endostatin and 
Pseudomonas exotoxin/TGF alpha fusion protein, are required to be-secreted from the 
bacteria into the medium or into the cytosol of tumor cells for inhibition of tumor growth. To 
achieve protein secretion from the extracellularly replicating E. coli cells into the tumor, two 
constructs with different signal sequences can be designed. For secretion of endostatin, the 
ompF signal sequence can be placed upstream of the coding sequence of endostatin, which 
facilitates the secretion into the periplasmic space. To release the endostatin into the medium, 
an additional protein, the PAS protein, needs to be coexpressed with endostatin. PAS has 
been shown to cause membrane leakiness and the release of secreted proteins into the 
medium (Tokugawa et al., J.Biotechnol. 37 (1994), 33; Tokugawa et al., J.Biotechnol. 35 
(1994), 69). The second construct for the secretion of Pseudomonas exotoxin/TGF alpha 
fusion protein from E. coli has the OmpA signal sequence upstream of the fusion gene and the 
release from the periplasmic space into the medium is facilitated by sequences present in 
domain II of the exotoxin (Chaudhary et al., PNAS 85 (1988), 2939; Kondo et a!., J.Biol.Chem. 
263 (1988), 9470; Kihara and Pastan, Bioconj.Chem. 5 (1994), 532). To promote secretion of 
endostatin and Pseudomonas exotoxin/TGF alpha fusion protein from L. monocytogenenes, 
the signal sequence of listeriolysin (LLO) (Mengaud et al., Infect.lmmun. 56 (1988), 766) can 
be placed upstream of each coding sequence. 

[0099] For regulation of endostatin and Pseudomonas exotoxin/TGF alpha fusion protein 
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expression levels in bacteria, vectors can be generated where the therapeutic protein encoding 
genes are under the control of the T7 promoter or the P.sub.spac synthetic promoter (Freitag 
and Jacobs, Infect.lmmun. 67 (1999), 1844). Without exogenous induction, the levels of the 
therapeutic proteins are low in E. coli and in L. monocytogenes. The minimal levels of 
therapeutic proteins in bacteria provide greater safety following intravenous injection of the 
engineered bacteria. In the following, six newly constructed plasmid DMAs for constitutive and 
regulated expression of endostatin and Pseudomonas exotoxin/TGF alpha fusion protein in E. 
coli and L. monocytogenes are described. All plasmids to be transferred into E. coli will carry 
the constitutively expressed bacterial lux operon, and all the plasmids to be transferred into L. 
monocytogenes will carry the constitutively expressed sod-gfp cassette. Plasmids BSPT#1-ESi 
and BSPT#2-Pti are able to replicate in E. coli only, and plasmids BSPT#3, #4, #5, and #6 
replicate in E. coli and L. monocytogenes. 

(B) Construction of Plasmid Vectors for Protein Expression and Secretion from E. coli 

[0100] The construction of the endostatin secretion vector to be used in E. coli is as follows. 
The coding sequence of human endostatin (591 bp) will be amplified by PGR from the plasmid 
pES3 with the introduction of the required restriction sites on both ends, followed by ligation 
into a pBluescript (Clontech Corp., USA) cloning vector to generate pBlue-ES. The ompF 
signal sequence (Nagahari et a!., EMBO J. 4 (1985), 3589) is amplified with Taq polymerase 
and inserted upstream in frame with the endostatin sequence to generate pBlue-ompF/ES. 
The expression cassette driven by the T7 promoter will be excised, and inserted into the 
pLITE201 vector described in Example 1(B), above, carrying the luxCDABE cassette, to 
produce the plasmid pLITE-ompF/ES. The sequence encoding the PAS factor (a 76 amino 
acid polypeptide) will be amplified from the chromosomal DNA of Vibrio alginolyticus (formerly 
named Achromobacter iophagus) (NCIB 1 1038) with Taq polymerase using the primers 5 - 
GGGAAAGACATGAAACGCTTA3- and 5'-AAACAACGAGTGAATTAGCGCT-3', and inserted 
into the multiple cloning sites of pCR-Blunt (Clontech Corp., USA) to create the expression 
cassette under the control of the lac promoter. The resulting plasmid will be named pCR-PAS. 
The lac promoter linked to the pas gene will be excised from pCR-PAS and inserted into 
pLITEompF/ES to yield the final plasmid BSPT#1-ESI. 

f 

[0101] Plasmid pVC85 (Pastan, see above) contains a T7 promoter, followed by an ompA 
signal sequence, and a sequence encoding domain II and III of Pseudomonas exotoxin 
(PE40). The DNA sequence encoding PE40 will be excised with restriction enzymes and 
replaced with a fragment of PE37/TGF alpha (Pseudomonas exotoxin A 280-61 3/TGF alpha) 
obtained from the plasmid CT4 (Pastan, see above) to create the plasmid pVC85-PE37/TGF 
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alpha. The expression cassette of onnpAPE37/TGF alpha linked to the T7 promoter will be 
excised and inserted into pLITE201 to yield the final plasmid BSPT#2-PTI. 

(C) Construction of Plasmid Vectors for Protein Expression and Secretion From L. 
monocytogenes 

[0102] Genes encoding endostatin or PE37/TGF alpha will be inserted downstream of the 
listeriolysin (LLO) signal sequence in the plasmid pCHHI to generate pCHHI-ES and pCCHI- 
PE37/TGF alpha. Constitutive expression of the therapeutic proteins will be obtained by linking 
the above secretion cassettes to the listeriolysin promoter obtained from the pCHHI vector. 
The SOD-GFP expression cassette, excised from the plasmid pSOD-GFP (Gotz et al. PNAS in 
press.) will be inserted into pCHHI-ES to generate BSPT#3-ESc, and into pCCHI-PE37/TGF 
alpha to generate BSPT#4-PTc. For the expression of the therapeutic proteins under the 
control of an IPTG inducible promoter, the listeriolysin promoter in BSPT#3-ESc and BSPT#4- 
PTc will be replaced with the P.sub.spac promoter from the plasmid pSPAC (Yansura and 
Henner, PNAS USA 81 (1984), 439) to generate BSPT#5-ESi and BSPT#6-PTi. P.sub.spac is 
a hybrid promoter consisting of the Bacillus subtilis bacteriophage SPO-1 promoter and the lac 
operator. IPTG-lnduced GFP expression from the P.sub.spac promoter has been documented 
in L. monocytogenes in the cytosol of mammalian cells. 

EXAMPLE 5 

Demonstration of the Expression of Luciferase and GFP in Bacteria and Verification of the 
Secretion of Endostatin and Recombinant Toxin/TGF Alpha Fusion Protein and Their Function 
in Cell Culture Assays 

[0103] To be able to detect the presence of E. coli and L. monocytogenes in tumor tissues in 
live animals, the levels of the constitutively expressed luciferase and GFP in bacteria need to 
be adequate. Therefore, after transformation of recipient E. coli or L. monocytogenes with the 
constructs described in Example 4, the colonies with the highest luciferase light emission or 
OFP fluorescence will be selected. In addition to characterizing light emission from each 
selected colony before intravenous injection, the ability of the selected transformants to secret 
endostatin and Pseudomonas exotoxin/TGF alpha fusion protein into the medium needs to be 
confirmed. The presence of endostatin and Pseudomonas exotoxin/TGF alpha fusion protein 
synthesized within E. coli and L. monocytogenes will be determined by extracting these 
proteins from the cell pellet. The secreted proteins in the medium will be concentrated and 
analyzed by gel separation and the quantity will be determined by Western blotting. It is 
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imperative to determine the percentage of the newly synthesized proteins expressed from 
each plasmid construct in either E. coil or L. monocytogenes that is present in the medium. It is 
also essential to confirm, in addition to constitutive expression of endostatin and Pseudomonas 
exotoxin/TGF alpha fusion protein, that expression can be induced in E. coli and in L. 
monocytogenes upon the addition of IPTG to the bacterial culture medium. For the design of 
future tumor therapy protocols, the relative amounts of protein secreted by the constitutive 
expression system needs to be compared to the induced expression levels for a defined time 
period first in bacterial cultures. It is equally essential to determine that both proteins when 
synthesized in E. coli and L. monocytogenes are biologically active if generated from the 
proposed constructs. Both proteins were synthesized previously in E. coli and were shown to 
be active. 

[0104] The results of the experiments described below should confirm whether endostatin is 
successfully secreted from E. coli using the OmpF signal peptide in combination with PAS pore 
forming protein expression. These experiments will also show if the PE40/TGF alpha and 
PE37/TGF alpha fusion proteins are secreted from bacteria using the OmpA signal peptide in 
combination with domain II of PE. Further, the listeriolysin signal peptide may also facilitate the 
secretion of endostatin and the chimeric toxin/TGF alpha fusion protein into the medium as 
well as into the cytosol of infected tumor cells. Using the migration inhibition assay and the 
protein synthesis inhibition assay, it can be expected to determine that both proteins secreted 
into the medium are biologically active. The presence and quantities of these proteins may be 
regulated by replacing the constitutive promoters with promoters that can be induced by IPTG. 

[0105] In addition to the secretion system described below, alternative secretion systems such 
as the E. coli HlyBD-dependent secretion pathway (Schlor et al., Mol. Gen. Genet. 256 (1997). 
306), may be useful. Alternative secretion signals from other gram positive bacteria, such as 
the Bacillus sp. endoxylanase signal peptide (Choi et al., Appl. Microbiol. Biotechnol. 53 (2000), 
640; Jeong and Lee, Biotechnol. Bioeng. 67 (2000), 398) can be introduced. 

(A) Confirmation of Endostatin and Pseudomonas Exotoxin/TGF Alpha Fusion Protein 
Secretion from Bacteria into Growth Medium 

[0106] E. coli strains (DH5.alpha. and BL21 (.lambda. DE3) will be transformed with BSPT#1- 
ESi and BSPT#2-PTi plasmid DNA. L. monocytogenes strain EGDA2 will be transformed with 
plasmids BSPT#3-ESc, BSPT#4-PTc, BSPT#5-ESi, and BSPT#6-PTi individually. After plating 
on appropriate antibiotic-containing plates, individual colonies will be selected from each 
transformation mixture. These colonies will be screened under a low light imager and 
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fluorescence microscope for luciferase and GFP expression, respectively. Three colonies with 
the most intense light emission from each transformation batch will be chosen for further 
studies. To verify the secretion of endostatin and Pseudomas exotoxin/TGF alpha fusion 
protein from each selected transformant, the cells will be grown in minimal medium to log 
phase. After centrifuging down the bacteria, the supernatants will be passed through a 0.45- 
.mu.m-pore-size filter, and the bacterium-free medium will be used for precipitation of the 
secreted proteins. The precipitates will be collected by centrifugation. Pellets will be washed, 
dried, and re-suspended in sample buffer for protein gel separation. Proteins from aliquots 
corresponding to 10 .mu.l of bacterial culture will be compared to proteins from 200 .mu.l of 
culture supernatant after separation in a 10% SDS-polyacrylamide gel. Western blot analysis 
will be performed using polyclonal antibody against endostatin (following the antibody 
production protocol described by TimpI, Methods Enzymol. 82 (1982), 472) and monoclonal 
antibody against TGF alpha (oncogene Research Products, Cambridge, Mass., USA). The 
optimal growth conditions will be established for secretion by sampling the growth medium at 
different times during growth. A similar method has been used previously to analyze secreted 
proteins in Salmonella typhimurium culture supernatant (Kaniga et al., J.Bacteriol. 177 (1995), 
3965). By use of these methods the amount of secreted proteins in the bacterial culture 
medium generated by each of the constructs without induction will be established. To estimate 
the increase in the amount of secreted proteins in the medium, IPTG-dependent promoter 
activation experiments will be carried out by adding IPTG to the bacterial culture in log phase 
for 3 to 6 hours, and the secreted proteins will be assayed as above. 

(B) Verification of the Biological Activity of Endostatin Secreted by E. coli and L. 
monocytogenes Using a Migration Inhibition Assay 

[0107] It has been shown that endostatin inhibits vascular endothelial growth factor (VEGF)- 
induced human umbilical vein endothelial cell (HUVEC) migration. Thus, the biological activity 
of endostatin secreted by bacteria can be tested using the HUVEC migration assay provided 
by Cascade Biologies, Portland, Oreg. The inhibition of cell migration will be assessed in 48- 
well chemotaxis chambers (Neuro Probe, Galthersburgs, Md.) (Polverine et a!., Methods 
Enzymol. 198 (1991), 440). Bacterium-free supernatant from each secretion construct will be 
added to HUVECs for preincubation for 30 min. After incubation, the HUVECs will be placed in 
the upper chamber. The migration of HUVECs into the lower chamber induced by 
VEGF.sub.165 (R&D Systems, Minneapolis, Minn.) will be quantified by microscopic analysis. 
The concentration of functional endostatin in the medium will be directly proportional to the 
degree of inhibition of HUVEC migration. 
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(C) Testing the Cytotoxic Activity of Secreted Recombinant PE Toxin Tumor in Tumor Cell 
Cultures 

[0108] The inhibitory activity of the chimeric toxin in mammalian cells will be measured based 
on inhibition of de novo protein synthesis by inactivating EF-2 (Carroll and Collier, J.Biol.Chem. 
262 (1987), 8707). Aliquots of bacterium-free supernatants obtained from the expression of 
various recombinant PE secretion constructs in E. coli and in L. monocytogenes will be added 
to the C6 glioma cells or to HCTI 16 colon carcinoma cells. Following treatment with medium, 
the mammalian cells will be pulsed with [.sup.3H]-leucine, and the incorporation will be 
determined in the protein fraction. To determine the presence of secreted chimeric toxin 
proteins in L. monocytogenes-infected mammalian cells, the bacteria will be eliminated from 
the medium by gentamicin treatment. The mammalian cells containing L. monocytogenes in 
the cytosol will be lysed, and the released bacteria removed from the lysate by filtration. The 
mammalian cell lysate containing the secreted chimeric toxins will be assayed in protein 
synthesis inhibition experiments. The inhibition of [.sup.3H]-leucine incorporation in tumor cell 
culture will be directly proportional to the amount of the biologically active chimeric toxin 
protein in the medium and cell lysate. 

EXAMPLE 6 

Determination of the Entry, Localization and Distribution of Intravenously Injected Bacteria in 
Tumors of Live Animals 

(A) Rationale 

[0109] Since only a small number of intravenously injected bacteria escape the immune 
system by entering the tumor, their immediate localization is not possible due to limited light 
emission in live animals. Their location can only be verified by sectioning the tumor to identify 
the early centers of light emission. Looking at sections at a later time point, bacteria can be 
seen throughout the entire tumor due to rapid replication. To determine whether one or 
multiple bacteria enter through the same site, red fluorescent protein can be used to label the 
extracellularly replicating E. coli and green fluorescent protein for the intracellularly replicating 
L. monocytogenes. By visualizing the distribution of the red and green fluorescence in tissue 
sections, the entry sites as well as replication and localization of E. coli and L. monocytogenes 
can be determined individually and simultaneously in the central or peripheral regions of the 
tumor. It can be expected that the patterns of entry and distribution obtained in implanted 
tumors mimic those of spontaneous tumors, accordingly, the bacterium-based diagnosis and 
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protein therapy will become a valid approach. 

[01 10] With the experiments described in section (B), below, the entry, replication, and 
distribution of light-emitting bacteria in spontaneous tumors can be compared to the 
distribution patterns in implanted tumors. Further, double-labeling experiments will allow the 
operator to precisely locate the extracellularly replicating E. coli and the intracellularly 
replicating L. monocytogenes in the same tumor sections. Lastly, it can be determined 
(subsequent to a five-day bacterial colonization) whether bacteria are distributed evenly in the 
tumors or preferential localization occurs in the periphery of the tumor or in the necrotic center. 
A possible reduction in bacterial entry into spontaneously occurring tumors due to the 
immunocompetence of these animals can be overcome by increasing the number of 
intravenously injected bacteria. 

(B) Intravenous Injection of E. coli Expressing Red Fluorescent Protein and L. monocytogenes 
Expressing Green Fluorescent Protein into Nude Mice and into Rodents with Implanted and 
Spontaneous Tumors 

[0111] E. coli (DHS.alpha.) carrying the DsRed (Matz et a!., Nat.Biotech. 17 (1999), 969) 
expression cassette under the control of a constitutive promoter are used in this experiment. L. 
monocytogenes EGD strain derivatives with in-frame deletion in each of the virulence genes 
were individually labeled with the green fluorescent protein cassette driven by the constitutive 
SOD promoter. 

[01 12] The localization and intratumoral distribution of bacteria will first be studied in nude mice 
with implanted C6 glioma or HCT1 16 colon carcinoma tumors. C6 glioma or HCT1 16 colon 
carcinoma cells (5.times.10.sup.5 in 100 .mu.l) will be subcutaneously injected into the right 
hind leg of the animals. Twelve days after tumor cell injection, the animals will be anesthetized, 
and the left femoral vein surgically exposed. Light-emitting bacteria (1. times. 10.sup.6 cells re- 
suspended in 50 .mu.l of saline) will be intravenously injected, and the wound incision will be 
closed with sutures. Tumors will be measured three times a week using a caliper. Tumor 
volume will be calculated as follows: small diameter.times. large diameter.times. height/2. 

[0113] Intracerebral glioma tumors will be generated by injecting C6 glioma cells into the head 
of Wistar rats. Rats will be anesthetized with Ketamine (70-100 mg/kg body weight) and 
Xylazine (8-10 mg/kg body weight). A midline scalp incision (0.5-1 cm) will be made, skin will 
be reflected, and a 1 mm burr hole will be made in the skull located 2 mm to the left and 2.5 
mm posterior to the brigma. Tumor cells will be pipetted into an insulin syringe fitted with a 29- 
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gauge needle and mounted in a stereotactic holder. The needle will be inserted vertically 
through the burr hole to a depth of 3 nnm. After injection into the brain of a 5 .mu.l volume of 
either 5.times.10.sup.5 C6 cells or PBS as control, the needle will be kept in place for 15 sec 
and then withdrawn. The skin incision will be closed with surgical clips. Ten days after cell 
injection, an intracranial glioma will develop which is 5-10 mm in diameter. The same protocols 
involving intravenous injection of bacteria into animals with tumors will be followed through the 
reminder of the proposal. 

[01 14] The localization of bacteria in the tumor, based on GFP or RFP, will also be analyzed 
using cryosectioned tumor tissues. A reliable morphological and histological preservation, and 
reproducible GFP or RFP detection may be obtained using frozen sections after a slow tissue 
freezing protocol (Shariatmadari et al., Biotechniques 30 (2001), 1282). Briefly, tumor tissues 
will be removed from the sacrificed animals to a Petri dish containing PBS and dissected into 
the desired size. The samples will be mixed for 2 h in 4% paraformaldehyde (PFA) in PBS at 
room temperature. They will be washed once with PBS, and embedded in Tissue-Tek at room 
temperature, and then kept in the dark at 4.degree. C. for 24 h and slowly frozen at - 
70. degree. C. Before sectioning, the tissue will be kept at -20. degree. C. for 30 min. Then, 10- 
to 50-.mu.m-thick sections will be cut with a Reichert-Jung Cryocut 1800 cryostat and collected 
on poly-L-lysine (1%)-treated microscope slides. During sectioning, the material will be kept at 
room temperature to avoid several freezing and thawing cycles. Finally, the sections will be 
rinsed in PBS and mounted in PBS and kept in the dark at 4. degree. C. 

[01 15] To monitor the entry of light emitting E. coli and L. monocytogenes from the blood 
stream into the tumor, 27 nude mice will be injected with C6 tumor cells, and 27 nude mice 
with HCT116 colon carcinoma cells. Twelve days after tumor development, 9 animals from the 
C6 group and 9 from the HCT1 16 group will receive an intravenous injection of E. coli with the 
RFP construct. Another 9 animals from each group will receive an intravenous injection of L. 
monocytogenes transformed with the GFP construct. The third group of 9 animals from each 
tumor model will receive both E. coli and L. momocytogenes (1. times. 10. sup. 6 cells of each). 
Five hours, 25 hours, and 5 days after injection, three animals of each treatment group will be 
sacrificed, their tumors excised, and processed individually as described in the above 
cryosectioning protocol. After freezing, each tumor will be cut into two halves. One half of the 
tumor will be used for preparing thick sections (60-75 .mu.m), which will be analyzed under a 
fluorescence stereomicroscope to observe the distribution of bacteria in the sections of tumors 
obtained from each time point of the experiment. The regions of interest will be identified, thin 
sectioned, prepared, and analyzed with laser scanning cytometry and under the confocal 
microscope followed by image reconstruction. 
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[0116] In parallel experiments, animals with spontaneous tumors, as listed in Table 1, will be 
obtained and used in intravenous injection experiments with E. coll carrying the bacterial lux 
operon. Two animals of each tumor model will be used, and the luciferase light emission 
monitored dally under the low light imager. It is expected that the spontaneously occurring 
tumors can be imaged similarly to the implanted tumors based on bacterial luciferase 
expression. Two of the spontaneous tumor models, mice with adenocarcinoma of the large 
intestine and mice with adenocarcinoma of the mammary tissue, will be used for bacterial 
localization experiments following intravenous injection of E. coli expressing RFP and L. 
monocytogenes expressing GFP as described above. It can be expected that these 
experiments will emphasize the significance of the bacterium-based diagnosis and protein 
therapy system. 

1 TABLE 1 Spontaneous tumor animal models Animal Strain Tumor species name description 
Source Reference Mouse 129/Sv- spontaneous Jackson Zhu et al., MadhS.sup.tmlpar 
adenocarcinoma Laboratorities Cell 94 of large Bar Harbor, (1988), 703 intestine ME Mouse 
FVB/N- spontaneous Jackson Zhang et al., TgN(UPII- carcinoma of Laboratorities Cancer 
Res. SV40T) bladder with Bar Harbor, 59 (1999), 29Xrw metastasis to ME 3512 the liver 
Mouse FVB- spontaneous Jackson Guy et al., neuN adenocarcinoma Laboratorities PNAS 
USA (N#202) of mammary Bar Harbor, 89 (1992), tissue ME 10578 Rat F344/ spontaneous 
Charles River Hosokawa et CrCrlBR carcinoma of Laboratories, al., pituitary Wilmington, 
Toxicol. MA Pathol. 21 (1993), 283 

EXAMPLE 7 

Verification of Bacterium-Mediated Tumor Targeting and Bacterium-Secreted Protein Therapy 
in Rodents With Implanted or Spontaneous Tumors 

(A) Rationale 

[0117] As shown in the previous examples, intravenous injection of light-emitting bacteria 
results in entry, replication, and accumulation only in the tumor regions in animals. This 
process can be monitored by imaging of light emission in tumors. Placing the endostatin and 
chimeric toxin expressing gene cassettes in cis configuration with a light-emitting gene 
cassette provides an indirect detection system in vivo for their temporal and spacial delivery 
via bacteria. 
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[0118] The endostatin and chinneric toxin gene cassettes are linked to signal peptide encoding 
sequences, which facilitate the secretion of these proteins into the extracellular space in the 
tumor or into the cytosol of infected tumor cells. Both proteins secreted from bacteria into the 
extracellular space of the tumor are expected to function similarly to directly injected purified 
proteins. Both proteins secreted from L. monocytogenes into the cytosol of the infected tumor 
cells will resemble the viral delivery system reported earlier for endostatin. The bacterial 
systems can be used as a constitutive secretion system or as an exogenously added IPTG- 
activatable secretion system in the tumor. By regulating the expression levels of the 
therapeutic proteins in bacteria that colonize the tumor, the secreted amount of proteins 
inhibiting tumor growth can be determined. Without the addition of IPTG, the inhibitory protein 
secretion from the intravenously injected bacteria will be kept at minimum while in blood 
circulation. This will provide an added safety to the recipient tumorous animals during delivery 
of bacteria. Using the BSPT system, the onset and duration of the therapy can be controlled by 
the addition of IPTG. Upon completion of the treatment, the bacterial delivery system can be 
eliminated by administration of antibiotics, similar to treating a bacterial infection. 

(B) Determination of the Effect of Endostatin and Pseudomonas Exotoxin/TGF Alpha Fusion 
Protein Secreted by E. coli and L. monocytogenes on Tumor Growth in Animals with Implanted 
Tumors 

[01 19] The inhibitory effect of endostatin and the cytotoxicity of the chimeric toxin secreted by 
E. coli and L. monocytogenes in tumors will be determined as follows. Thirty-five nude mice 
bearing 10-day-old C6 tumors will be injected with bacterial constructs as follows: (a) Five mice 
with E. coli engineered to secrete endostatin; (b) Five mice with E. coli engineered to secrete 
chimeric toxin; (c) Five mice with L. monocytogenes engineered to secrete endostatin; (d) Five 
mice with L. nionocytogeties engineered to secrete chimeric toxin; (e) Five mice with E. coli 
secreting endostatin and chimeric toxin; (f) control group: five mice injected with E. coli 
expressing bacterial luciferase alone, and five mice with L. monocytogenes expressing GFP. 
At the time of bacteria injection, each tumor volume will be determined. Three days after 
injection, the replication of bacteria in the tumors will be monitored under a low light imager or 
under a fluorescence stereomicroscope. The light emission and the tumor volume will be 
measured daily up to 20 days after bacterial injection. Ten days after injection, one animal from 
each group will be sacrificed and the levels of the secreted proteins present in the tumor tissue 
will be analyzed using Western blot analysis. These experiments will result in inhibition of 
tumor growth in endostatin treated animals or a more dramatic tumor regression in animals 
treated with chimeric toxin proteins. The tumor growth in control animals is not expected to be 
affected by the bacteria alone. 
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[0120] In a follow-up experiment, mice with spontaneous adenocarcinoma of mammary tissue 
(strain FVB-neuN(N#202), Table 1) will be used to study the effect of secreted proteins on 
tumor growth. An experimental scheme identical to that described for the C6 tumor analysis 
will be used. At the completion of tumor therapy, the presence of endostatin or chimeric toxin 
in the tumor tissue will be determined by Western blot analysis. An identical experimental 
design will be used to assay the effect of IPTG-induction of endostatin and chimeric toxin 
production in bacteria in C6 tumors as well as in the spontaneously occurring breast tumor 
mouse model. It is expected that multiple IPTG induction of protein expression in bacteria 
might be required for successful tumor therapy. 

[0121] At any stage of tumor treatment, it may be required to remove the light emitting and 
therapeutic gene containing bacteria from the animal. To carry out this experiment, mice with 
12-day-old C6 tumors will be intravenously injected with E. coli expressing the bacterial 
luciferase. Three days after injection, antibiotic therapy will be initiated by intraperitoneal 
administration of gentamicin (5 mg/kg body weight) twice daily, or the newly discovered 
clinafloxacin (CL960) (Nichterlein et al., Zentralbl.Bakteriol. 286 (1997), 401). This treatment 
will be performed for 5 days, and the effect of antibiotics on the bacteria will be monitored by 
imaging light emission from the animals daily. 

[0122] By completing the above experiments, it is expected that endostatin and chimeric toxin 
proteins secreted into the tumors will cause the inhibition of tumor growth and measurable 
tumor regression. It is anticipated that tumor regression will be achieved in both groups of 
rodents with implanted tumors and with spontaneously occurring tumors. Experiments with 
simultaneous application of secreted endostatin and chimeric toxin proteins in tumor treatment 
may give the most promising results. The removal of the engineered bacteria from the tumor 
by administration of antibiotics is an added safety measure of the bacterium-secreted protein 
therapy (BSPT) of the present invention. 
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ABSTRACr 

The study was designee! to evaluate whether TAPl<:'r-CI), an attenuated strain of Salmon elUi iyphimurium cx- 
pressinj; Escherichia coli cytosine deaminase (CD), was capable of converting nontoxic 5-fluorocytosine (5- 
FC) to the active antitumor agent S-fluorouracil (5-h U). The antitumor effect of I APKT-CD plus 5-FC against 
subcutaneously implanted colon tumors was also evaluated. TAPET-CD was given to tumor-bearing mice by 
a single bolus intravenous administraticm followed with 5-FC hy intraperitoneal administration. TAPET-CI) 
accumulated in tumors at levels lOOO-fold higher than that in normal tissues and high levels of S-VV were de- 
tected in tumors in mice treated with both I APFT-CO and 5-FC. No 5-rU could be detected in normal tis- 
sues. Inhibition of tumor growth was observed in mice treated with either TAPET-CD alone or 1 APET-CD 
in combination with 5-FC {TAPET-CD/5-FC), but not with 5-FC alone. TAPET-CD/5-FC inhibited tumor 
growth by 88%-96%, c(mipared to TAPET-CD alone, which inhibited tumor growth by 38%-79%. These 
data suggest that tumor-targeting Salmonella could he used to deliver prodrug-couverting enzyme selectively 
to tumors and produced anti-tumor effects when the corresponding prodrug was also given. 



OVERVIEW SUMMARY 

TAHKT-Cn, injected intravenously to tumor-hearing mice, 
accumulates preferentially in tumors compared (o normal 
tissues. TAPET-CO also converts 5-fluorocytosine (5-FC) to 
agent S-fluorouracil (5-KU) selectively in tumors in mice 
treated with l APFT-CD and 5-FC. No S-iai can be detected 
in normal tissues. The combination of l A PET-CD and 5- 
FC effectively suppresses the growth of murine C3« colon 
carein<»ma and two human colon tumor xenografts, LoVo 
and WiDr. TAPET-CD plus 5-FC is relatively nontoxic in 
mice and monkeys at doses that produce therapeutic effecLs. 
These studies demonstrate the potential use of attenuated 
Sahnonella as a tumor-selective protein delivery vector. 

INTRODUCTION 

Ti iii TRiMAEiY L IMITATION of cancei therapy is the lack of .se- 
lectivity of therapeutic agents to cancer cells. Fiecausc of 



this lack of selectivity, anticancer agents elicit toxicity against 
normal tissues, which ultimately limits the doses that can be 
given lo cancel patients. Many current discovery and develop- 
ment efforts are devoted to finding anticancei agents that se- 
lectively target cancei^ cells to improve the therapeutic index. 
An alternative approach is to restrict the distribution of drugs 
to tumors using local -regional administration methods. In or- 
der to increase the exposure of drugs to tumors, techniques such 
as tumor-specific antibodies also ?iave been used to localize cy- 
totoxic agents in tumor cells. An attenuated strain of Salmo- 
nella lyphimunuin (VNH200()9; Vion Pharmaceuticals. Inc., 
New Haven, CT) has recently been developed. The attenuation 
is partly caused by the disruption of the wsbB gene (Low et aL, 
1999b), which regulates the addition of a terminal myristoyl 
gionp to lipid A. Lipopotysaccharide isolated from Salmoncfla 
expressing the mutated lipid A show a markedly diminished 
abiiity to induce tumor necrosis factor-a ( rNH-a). The attenu- 
ation is also due to the deletion of the purl gene, causing 
VNr2()()()9 to require an external purine source foi survival 
(Low (tt aL, 1999a). 
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We have previously shown lh;U VNP2()(X)9 could be a good 
vector lor Umior-scicctive delivery ol prolciii-basecl antitunioi 
ageiils. VNP2()t)09 is genelically vStabIc, as demonstrated in vivo 
and in vitro (Clatrmoiil et a J., 2000). Compared to wild- type 
ScilrnoneUa, the pathogenicity or toxicity of VNP20009 is re- 
duced or eliminated more than 10,000-fold. Phase 1 studies in 
cancer patients ( Toso at a/., 2002) and studies of several ani- 
mal species (Lee et a I., 2000) deinonslratc a good safety pro- 
ide foi VNP2{K)09. According to animal studies (Zheng ct aL, 

2000) , VNP2()009 prclcieutially accumulates in tumors (with 
lumor to normal tissue ratios of 300--25,000: 1 ), and it persists 
in tumor tissue for more than 4 weeks. VNP2(K)09 exhibits an- 
titinnot properties, with tumor size reduction lasting for up to 
50-60 days after a single intravenous admiiiistiation in a vari- 
ety of uuu ine models (Luo et al., 2002). Because VNP2009 is 
sensitive lo a number of antibiotics, it can be convenieudy elim- 
inated Trom the lx)dy. In contrast, otiier vector systems such ns 
viruses or liposomes cannot be eliminated easily lioni the body. 
In addition, VNP20009 is en viionmen tally IVicndly because it 
has difficulty surviving freely in the environment 

Using cytosine deaminase (CD) and gjcen fluorescent pro- 
tein genes as matkers, we I'urt her demonstrated th:U VNP20009 
could be used as a lunior-selcctive vectot for delivei tng antitu- 
mor agents (Zheng et a I., 2000). TAPIil^-CD is generated by 
the incotporation of the C'f) gene fioin Escherichia coli into 
VNP20009. CD is an en/yme found in bacteria and fungi, but 
not in mammalian cells, 'fhc enzyme converts ^-lluorocytosinc 
(5-1 'C). a relatively nontoxic agent, to the cytotoxic an- 
(i metabolite 5-lluoiouridhic (5-FU) (r.)eonarain ct al., 1995). 
The activated agent is then converted to 5'fluoiouridine- 
5 'triphosphate and 5-fluoro-2'deoxy uridine- 5' monophosphate, 
resulting in the disruption of RN A and DNA synthesis with sub- 
set|uent k)xieity to both quiescent and proliferating cells. 5-1'U 
is currcntJy used in the clinical treatment of colorectal, stom- 
ach, bead and neck, and breast carcinomas. Although 5-FU is 
not as toxic as some antitumor alkylating agenLs, sufficiently 
high levels of 5-FU have been achieved in vivo that are capa- 
ble of eradicating tumors after retroviral ti-ansduction of the CD 
gene, even when CD incori^orates into only 2% of lumoi cells 
(Hubcr et al., 1994) Cumulative clinical data suggest that the 
antitumor activity of 5-FU may be directly related to the dura- 
tion of exposure and its concentration within tlie tumor. One 
approach for achieving high and prolonged tutnor concentra- 
tions ol 5-FU involves coadministration of T A PET-CD and 5- 
FC. TAPET-CD maintains its VNP20009 properties (Lcc etal., 

2001) and selectively produces high levels of CD in tumors 
com par eel to normal tissues (Zheng ct ^7/., 20(X)). We report here 
that TAPET-CD/5-FC induces prolonged, high concentrations 
of 5-FU in tumor tissues, causing a reduction in tumor size 
greater than thtit induced by TAPET-CD or 5-FC alone. 



MA IKRIALS AND METHODS 

TAPET-CD frenetic manipulation 

The CD gene was isolated (iom £. coli using procedures de- 
scribed by Laliberte and Moinparlcr (1994) CD was initially 
cloned into pTrxFus (hi Vitrogen, Carlsbad, CA) tvj encode a 
Uiioiedoxin-CD fusion protein, then the fusion protein gene was 



subcloned inio pTrc99A- The cloned DNA was transformed into 
SalnuHiella as described (Pawelek et al., 1997) 

Cell culture 

Murine B16-F10 melanoma cells weie obtained from Dr. I. 
Fidlei (M.D. Anderson Cancer Center, Houston, TX). C38 
colon carcinoma cells werti obtained tiom NC^l (Frederick, 
JMD). Widr and LoVo colon carcinoma xenografts were ob- 
tained from the American lypc Culture Collection ( Rock vi lie, 
M\y). Cell lines were grown in Dulbecco's modified Eagle's 
mediirm supplemented with 10% fetal bovine serum at 37"C in 
a liumidificd atmosphere of 5% CO2. At approximately 80% 
confluence, cells were detached from the flasks by addition of 
2 ml of trypsin, resuspended in 25 ml phosphate-buffer ed saline 
(PBS), and transfened into a 50-mJ Falcon conical centrifuge 
tube. Cells were pelleted by centiifugatioir at 4''C for 5 min at 
800 revolutions pei minute (rpm) in a Beckman (Fuller ton, CA) 
GS-6R refr igerated centrifuge. The super natant was discarded, 
and the cell ixillct was resuspended in P13S. The tumor cell sus- 
pension was kept on ice until implantation into mice. 

Anirmils 

Female C57BL/6 and nu/nu CD- 1 female mice were obtained 
fronr Charles River Laboratories (Wilmington, MA). Animals 
used in the studies were as uniform in age and weight as pos- 
sible. They were approximately 8 weeks of age, and body 
weights of C57BL/6 mice and nL4/nu CD-\ mice ranged from 
19-21 g and 23-26 g, respectively. All animals were kept in a 
well-vcntilalcd room in which a 12-hr light/12-hr dark pho- 
topciiod was maintained. Room tem|:)crature was maintained 
between 72" F ± 2"F- 

Qiiantiiation of TAPET-CD accwnulalion and 
5FC/5FC conversion in tissues 

Animals were inoculated intravenously with 1 X 10^ colony 
forming units (clu) of TAPBT-CD on day 14 after B I6-F10 
melanoma tunior implantation. Mice received 300 mg/kg of 5- 
FC intra per itoneally on day 17,3 days after TAPET-CD injec- 
tion. They were killed by inhalation of COo al 10, 30, 90, 270, 
and 360 min after 5-FC injection. Tissues, including tumor, 
liver, spleen, btain, whole blood, and bone marrow were 
weighed and homogeiii/.ed in PBS, and bacteria were quanti- 
tated by plating serial dilutions ol the homogenales onto msbB 
plates, incubating overnight at 37''C, and counting bacterial 
colonies. The conversion of 5-FC to 5-FU in tissues including 
tumor', liver, spleen, brain, serum, and bone marrow, was de- 
termined by high-peiformance liquid chromatography (HPLC) 
analysis. The detection limit for 5-PC and 5-FU was 0,5 /xg/g 
and 0.2 /xg/g, respectively. 

Antitumor activity of TAPET-CD 

For the murine tumor model, C38 tumor tissue was asepti- 
cally dissected Irom a tumor - bear ing C57BL/6 mouse. The tu- 
mor was mechanically minced into 3-5 mm'' pieces, and trans- 
planted subcutaneously with a 16-gauge trocar needle into the 
right flank of C57BL/6 mice under methoxyflurane anesthesia. 
Fifteen days after transplantation, when C38 tuiTiors had grown 
to a volume of approximately 300 mm^, the mice were ran- 
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doniiztxl and divided into 4 groups of 10 animals each. Gioups 
1 and 3 received PBS (0.1 nil). Grou]:)S 2 and 4 were injected 
in the tail vein with TAPRT-CD at i X 10'^' cfu per mouse on 
day I.*), Groups 3 and 4 ?eceive<i daily three intra[')eritoneal in- 
Jcclions of .5-HC al a dose of 300 nig/kg on days 1 9 through 40. 

WiDr cells were implanted subcutaneousty C5 X 10^' cells) 
into nuhiu CD-I mice (day 0). By day 21, mice had similai tu- 
mor sizes of approximately 250 nnn~* as determined by elec- 
tronic caliper measurements. 'I'hey were l aiidomly assigned into 
4 groups or 7-H animals each. Groups 1 and 3 receive*! PBS 
(0. 1 inl). Groups 2 and 4 were injected in the tail vein with 
TA PET-CO at 1 X 1 0^' cfu per mouse. Groups 3 and 4 received 
daily three intra]>eritoneal injections of 5-FC at a dose of 300 
mg/kg on days 23 through 44 

LoVo human colon carcinoma cells were implanted subcu- 
taneously into nulnit CD-I mice. By day 20, tumors had giown 
to approximately 1.50 mni-\ Groups I and 3 received PBS (0.1 
ml). Groups 2 and 4 received a single dose of T A PHT- CD at 
1 X lif" cfu per mouse through the tail vein. Groui:)s 3 and 4 
received daily three intraperitoneal injections of 300 nig/kg .5- 
FC on days 26 thidugh day .53. 

hi another control experiment, CD-I nude mice were im- 
planted with Widr human colon tumors and tieated with 5-FU, 
either alone or in combination with TAPliT-CD when tumor 
reached approximately 250 mnv^ 5-1' U was given intraperi- 
toneally to mice 5 days after TAPHT-CD administration, once 
daily for 5 days at 50 mg/kg per day. 

TumOr vohime was measured in three dimensions twice 
weekly and calculated with the formula L X H x W/2, where 
K, II, and W represent length, height, an(i width, respectively. 
Tumor volume was presented as mean ± stanrlard deviation and 
Student's t test was pciformed for statistical analysis. 

RESULTS 

TAFET'CD tissue disiribution 

The distribution of TAPET-CD was detciniincd by quanti- 
tating the amount of TAPET-CD in tumors and normal tissues. 
Three days after TAPE'l'-CD injection, the highest levels of 
TAPFT-CD occurred in tumors (1.1 X 10*^ 1.4 X 10** clii/g), 
followed by spleen (9.3 X 10^^ ± 3.1 X lO'^ cfu/g) and liver 
(2.2 X 10^ ± 8.0 X 10^ cfu/g). The amount of TAPHT-CD in 
brain, bone marrow, and whole blood was approximately four 
to five orders of magnitude lower than that found in tumors 
(Pig. 1). These results indicate that TAPE'! -CD preferentially 
accumulates and proliferates in tumors rathci than in normal 
tis.sucR. Tissue distribution of TAPET-CD in non-tumor-bear- 
ing mice was similar except that approximately 10 times less 
bacteria were delected in the brain (data not shown). 

In Vivo 5~FC/5-FU conversion in tumors 
by FA P ET- CD 

The concentrations of 5-1 'C in seiurn and diftercnl tissues 
are shown in Figure 2A. The conccnhalion of 5-FC in the un- 
treated control gioup was undetectable (data not shown). Sim- 
ilarly, 5-FC could not be detected in mice treated with 60 mg/kg 
5-FU. In mice treated with 5-FC only, the average concentra- 
tion of 5-1-C was 1675 jiLg/ml in serum, 260 //.g/g in liver, 1 19 



/i,g/g in tumor, 103 /xg/g in spleen, 57 ;tg/g in bone marrow, 
and 1 3 /xg/g in brain at 30 min after administration of 3(K) mg/kg 
5-F'C\ In mice previously treated with TAPET-CD, the tissue 
distribution of 5-FC in the above ti.ssues was similai to those 
of mice treated with 5-FC alone, indicating [hat TAPET-CD 
treatment may not change the distribution pattern of 5-FT: in 
the body. 'Phc concentrations of 5-FU in scrum and different 
tissues in mice receiving 5-FC, with and without TAPET -CD. 
were also deteiniincd. As sfiown in Figure 2B, no 5-FU was 
detected in any tissues of the group treated with 5-FC alone, 
indicating that no endogenous conversion of 5-FC to 5-FU oc- 
curs in the body. In the group treated with 5-FU alone, mice 
received a single therapeutic dose of 60 mg/l<g. The concen- 
trations of 5-FU in the evaluated tissues ranged from 0.7 to 10 
Mg/g at 30 min after 5-FU injection. The average level of 5-FU 
in tumors (4 ^g/g) was significantly lowci^ than that in serum 
(10 /^g/ml) and liver (6 ptg/g) and similar to that in bone mar- 
row (5 Mg^g) and spleen (4 /Ag/g). However, the liighesl levels 
of 5-FU were detected in tumor tissues of mice receiving both 
TAPET-CD and a single dose of 300 mg/kg of 5-EC. 'flic 5- 
FU levels reached 19 /i-g/g in tumors 30 min after 5-1'C ad- 
ministration, 4.,75-fold moie than that found in tumors of mice 
treated with 60 mg/kg of 5-FU. No 5-FU was detected in otlicr 
tissues in mice receiving 'rAPET-CD/5-FC. These results indi- 
cate that 5-FC was efficiently con veiled to 5-FU in tumors by 
CD, which was expressed by high levels of accumulated 
TAPE'l'-CD Because TAPEl-CD in other tissues was about 
l(XK)-fold lower than in tumors, there was insufficient CD in 
these tissues to convert 5-FC to 5-FU. 

FJwrmacokineiics oj 5-FC and converted 
5-FU In tissues 

The pharmacokinetics of 5-FC conversion to 5-FU in tumors 
are shown in Figures 3 A and 3B. After a single intraperitoneal 
injection of 5-FC (300 mg/kg), 5~FC in tumors quickly reached 
a level of 160 ^tg/g at 10 min, then gradually declined and be- 
came undetectable at 90 min. Phe comparative 5-FC levels in 
the tested tissues were: Serum > liver > tumor > spleen > 
bone marrow > brain. Peak 5-FC concentrations ranged from 
15 yxg/g in the brain to 2,000 ;Lg/ml in serutn. 

The pharmacokinetic pattern of converted 5-1'U in tumors 
was similar to that of .5-FC in mice treated with TAPE r-CD/5- 
FC. The concentr ation of converted S-I^'U reached a peak level 
of 19 /xg/g at 30 min in lurnois and declined gradually to 5 /Lg/g 
at 270 min after 5-FC in jection. Eow levels ot 5-FU (<0.2 /xg/g) 
were occasionally detected in a few samples in bone marrow 
and spleen at one or two time points. An intraperitoneal dose 
of 5-FU (60 mg/kg) gave an intratu moral peak level of ap- 
pioximately 4.7 /xg/g at 30 min after adminisuation. 

Aniilunwr activity of TAPET-CD 

iMgure 4 A shows the antitumor activity of TAPET-CD/.5-FC 
in C38 mur ine colon tumors. Tumor growth of C38 was not al- 
tered by treatment with 5-EC,. A significant inhibition (79% at 
day 40) of tumor growth was obtained in mice that received a 
single injection of TAPHT-CD. In the group treated with 
TAPRT-CD/5-FC, all tumors underwent regression during the 
first week of tiealment, reached their nadir (96% inhibition) on 
day 26, and then grew slowly, reaching approximately their 
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KIG. I. Tissue distribution ot TAPHT-CD in mice inipJ:mte<i with B16-F10 melaiium;u Mice were administered inlriivenously 
with TAPET-CD at 1 X 10*' coloiiy-foiming units (cFu) i>ei mouse 14 days after tumor implantation. Bacteria content in tissues 
were evaluated 3 days attcr bacteria inoculation. **dcnotcs p < 0.0 1 between tumor and normal tissues. 



original sizes on day 40. The tumors in the TAPIiT-C:D/5- 
i'C-treatcd animals wcic significantly smaller than those in ci- 
ther the 5-FC ot- I^APl'T-CD gj oups from day 26 to the com- 
pletion of the experiment {p < 0.0 J between TAPFT-CO/5'FC 
and TAPET-CD on day 40). 

As indicated in Figure 4B, Wir:)r tumors in the PBS control 
gioup grew exponentially, increasing in size 10- to 12-rold over 
the lime [jeriod examined. 5-1'C had hitlc clfcct on the giowth 
of WiDr tumors in mice (12.5% inhibition on day 47). A sin- 
gle injection of TAPET-CD caused some degree of tumor in- 
hibition (58%) on day 47. The antitumor effect of TAPET- 
CD/5-FC was not appaient until after I week of 5-FC in jection. 
Am he completittn of the experiment (day 47), profound anti- 
tumor effects (88% inhibition) were observed in Ihc gioup 
tieatcd with TAPBT-CD/5-FC. p < 0.05 was obtained for 
TAPET-CD/5-FC versus TAPET-CD on day 47. 

TAPET-CD alone had only modest antitumor effects (38% 
inhibition at day 54) in LoVo tumors. Pronounced antitumor 
activity was obtained in mice treated with TAPHTr-CD/S-FC. 
The treatment of T A PET CD/5- FC resulted in an 89% inhibi- 
tion of tumor growth compared to the contiol group. No effects 
on timior growth were observed in the control group treated 
with 5-FC alone (Fig, 4C). p < 0.01 was obtained for TAPET- 
CD/5-FC versus TAPET-CD on day 54. 

Similar weight loss (10%-! 5% of original body weight) was 
observed in mice treated with TAPET-CD alone and TAPEl'- 
CD/5-FC. At 300 mg/kg, 5~VC was relatively nontoxic to mice. 
No animals died in groups treated with TAPET-CD alone or 
TAPET-Cr:>/5-FC. 

5-FU, at 50 mg/kg, given once daily for 5 days, produced 
significant toxicity when used alone or in eombinalion wilh 
TAPET CD. Weight loss in mice treated with 5-FTJ was greater 
than 15% of original body weight. The experiment was ternii- 
naled 10 days after 5-MJ dosing bccau.se of severe toxicity. The 



mortality in both groups treated wilh 5-FlJ and 1 APE'l'-CD/S- 
I'U was greater than 40%. No additive antitumor activity be- 
tween 5 FU and TAPET-CD could be observed because of the 
early termination of the experiment. 



DISCUSSION 

We have previously demonstrated that tlie genetically mod- 
ified Sabnonelh lyphimitriu/n, VNP20009, targets and repli- 
cates intral amorally in syngeneic tumors and human tumor 
xenografts in murine models (Paweiek ei al., 1997; Zheng ct 
tiL, 2000). The use of VNP20009 as a delivery system for an- 
titumor agents has numerous advantages lor gene therapy. First, 
amplification within tumors is highly selective, surpjissing the 
specificity observed lor tumor-specific antibodies. vSecond, am- 
plification theoretically requires only one bacterium to seed the 
tumor site, making dclivci'y highly efficient and inc leasing The 
likelihood of reaching metastases that are inaccessible to other 
therapeutic methods. Third, systemic adminisUation enables ac- 
cumulation of the therapeutic vector at tumor sites. Fourth, the 
expression of enxymes or proteins at high levels makes the vec- 
tor ideal for carrying prodrug-converting en/ymes, cytokines, 
antiangiogenic peptides, antigenic peptides for immunomodu- 
lation, or other agents individually or in combination into tu- 
mors. Fifth, long-term, sustained expression of antitumor agents 
within a tLuiior can be achieved, because of tlie slow clearance 
of bacteria from the tumor. 

Tn this study, wc have evaluated the tissue distribution of 
n^APET-CD, in vivo CD activity by measuring the conversion 
of 5-FC to 5-FU, and antitumor activity of TAPEP-CD, both 
alone and with 5-FC:. We demonstrated that TAPET-CD pref- 
erentially replicates and accuimdatcs in tumors and consistently 
expresses active CD that converts 5-FC to 5-FU efficienlly and 
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KIG. 2. Tissue distribution of S-fluorocylosine (S-FC) (A) and 5-fluorouiacil (H) in mice implanted with BI6-FI0 mel- 

anoma. Mice were administered intravenously with 'I'APBT-CD at 1 X 10<' cotony-lorming units (ciu) per mouse 14 days aftcr 
tumoi implantation. Tissues weie collected 30 min after a single dose of 5-FC (300 mg/kg) or 5-FU (60 mg/kg) was adminis- 
tered intraperitoneally. I'or 5TC and 5-FU gioups, phosphate- buflcrcd saline (PBS) instead of TAPET-Cr?was sriven Three 
mice were used for each group and === -denotes p < 0.01 between gjoups treated with 5-FU alone and TAPET-CD/5^FC. 




locally. Because the tuuouut of TAPEf-CD in normal tissues 
is approximately lOOO-fold less than that in tumors, the con- 
version of 5-FU in normal tissues was undetectable. After a sin- 
gle dose of 300 mg/kg 5-FC, the converted 5-FU in tumois 
reached the highest level (19 ju-g/g) at 30 min, then gradually 
declined at 4.5 hr to 5 /Ag/g, a level that remains cytotoxic to 
many tumor cell lines. A minimal oi undetectable level of 5- 
F'U was found in normal tissues. In contrast, when given di- 
rectly to mice, 5-1 'U distributed relatively randomly in most tis- 
sues, with levels ol 5-FU in blood, liver, and spleen becoming 



higher tlian in tumors. For example, at 60 mg/kg 5-FU, a dose 
that causes mild toxicity, intiatiunoral concentrations of 5-FU 
reached 4 J /xg/g at 30 min and dropped below an effective con- 
centration of 1 ju,g/g at 90 min. In a cancel patient receiving 
300 mg of the antitumor dmgs UTF or tcgafur, which are de- 
rivatives of 5-FU, intratumoral concentrations of 5-FU were ap- 
proximately 0.18 jtAg/g at 5.5 hr after drug administration 
(Arima el ai, 1986). TAPET-CD/5-FC clearly produced a 
higher and more prolonged presence of 5-FU in tumors. Higher 
intratinnoral 5-FU levels could likely produce a higher antitu- 
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FIG. 3. Phai macokinetics and tissue distribution of ^-fluorocytosine (5-FC) (A) and 5-fluorouracil (fi-FU) (B) in mice implanled 
with B]6-FI0 melanoma. Mice received TAPET-CD intravenously at J X 10^' colony-forming units (cfu) per mouse 14 days af- 
ter tumor implantation. Tissues were collected 10 to 360 min after a single dose of 5-FC (300 mg/kg) or 5~VU (60 mg/kg) was 
administei-ed inlra|>;iitorically to TAPRT-CD group or phosphate-buffered saline (PBS) -treated group, respectively. Three mice 
were used lor each group. 



mor effect (Prcsant et at, 1994; Gamelin et aL, 1996; Mullcr 
ei aL, 2000). 

Using murine and human colon tumor models, we unequiv- 
ocally demonstrated that TAPET-CD/5-FC produced a superior 



antitumor effect than either agent acting alone. Tumor regres- 
sion was obser\'ed in sonic mice receiving the combination reg- 
imen. TAPET-CD and CD activity persisted in B16-F10 mel- 
anomas for a minimum of 14 days (Zheng et aL, 2000). During 



FIG. 4. Tumor growth inhibition of C38 murine colon carcinoma (A), WiDr human colon carcinoma (B), and J .oVo human 
colon carcinoma (C) by TAPRT-CD and ^-flurocylosine (5-FC). TAPET-Cf^ \l X 10^^ colony-forming units (cfu) per mouse] 
was injeclcd iiitiavenously to mice bearing C38 (day 15), WiDr (day 21), or LoVo (day 20) carcinoma when Unnor reached 
150-300 rnm\ 5-HC was given intraperitoneal ly at 300 mg/kg, three limes daily, as indicated. Seven to 10 animals were used 
per group, ' denotes f? < 0.05 and ='=='=denotes p < 0.01 between TAPET-CD alone and TAPET-CD/5-FC treated group. 
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the course of ihe in v/iv; clficiicy cxpci imciU, wc liuihcr de- 
tected I he presence ot TAPET-CD in LoVo colon tunioi.s tor 
up to 32 days after bacteria administration (data not shown). It 
is clear that a single injection will provide CD for an extended 
jieriod of time. However, and 5-FU have short half-lives 

and repeated dtxsing of .5FC is needed. 5-FC is used as an an- 
tifungal agent in hunuuis and is given orally at L3 g/ni-^ four 
times daily. If is conceivable that a prolonged, high inU*atunioral 
concentration of 5-FU can he maintained by multiple daily ad- 
ministration of 5-FC:. Toxicity of TAPET-CD/S-FC, determined 
by body weight loss, is similar to thai of TAPET-CD or 5-FC 
alone Combinations of TAPET-CD and 5-FU al effecli ve doses 
pioduced higher toxicity, in tenns ol body weight loss nnd hior- 
liilily, than cither agent alone. In addition, 5-FU did not inciease 
the anti-tumor efficacy induced by TAF*ET-CD. 5-FU is not a 
potent anticancet agent, and continuous infusion is required in 
human cancer liealment protocols to optimize clinical out- 
comes. In the present study, frequent dosing with 5-FC was also 
required to obtain optimal effects, However, continuous infu- 
sion of 5-1'U in hiniian cancer patients increases toxicity to nor- 
mai tissues. We believe that TAPET-CD/5-FC provides a so- 
lution for generating therapeutic concentrations of 5-FU locally, 
while avoiding excessive toxicity in normal tissues. 

Although the conversion of intralumoral 5-FC to 5-FU is ef- 
ficient, it likely could be improved. The AUC of 5-FC and 5- 
I'U is 7290 nig - mia pei kilogram and 2789 mg - min per kilo- 
gram, respectively (data not shown), with approximately 30% 
of 5-FC converted. Vhc I'APE'r vector uses CD from E. colL 
which has a higher Km (Kicvit et al,. 1999) than the fungal CD. 
It is conceivable that a fungal CD expressed in a TAPET vec- 
tor could achieve a higher conversion rate and, subsequently, a 
higher concentration of 5-FU, resulting in a higher antitumor 
activity. However, increasing CD activity in the TAPET vec- 
ttn could also increase toxicity of the TAPET-CD/5-FC system. 
A low level of 5-FU was occasionally detected in bone mar- 
row and spleen of mice receiving both TAPET-CD and 5-FC. 

The successful use of TAPET-CD/5-FC also suggests the 
possibility of using attenuated Salmonelia strains as tumor-spe- 
cilic delivery systems for other protein-based antitumor agents, 
such as cytokines, antiaugiogcnic proteins, and prodrug- 
converting enzymes. Salmonella strains liave been shown to ex- 
press a broad spectrum of therapeutic proteins, such as iniei- 
leukin (IL)-I, IL-2, lL-12, gianulocyte-rnacrophage colony- 
stimulating factor (GM-CSF) andTNF-a (Saltzman ei aL, 1996, 
1997; Lin, 1999; Yuhua et al, 2001). TAPET-CD is cunently 
being evaluated in cancer patients (Cunningham and Nemu- 
naitis, 2001) as a [X)tential anticancer agent. We arc also cur- 
lently evaluating the expiession of various thetapeutic proteins 
in TAPET vectors and the antitumor activities of these thera- 
peutic vectors. 
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Pilot trial of genetically modified, attenuated Salmonella 
expressing the E. coli cytosine deaminase gene in refractory 
cancer patients 
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We performed a pilot trial in refractory cancer patients to investigate the feasibility of intratumoral injection of TAPET-CD, an 
attenuated Salmonella bacterium expressing the E. coli cytosine deaminase gene. A total of three patients received three dose levels 
of TAPET-CD (3 X 1 0^-3 X 1 0'' CFU/m^) via intratumoral injection once every 28 days as long as progression of disease or 
intolerable toxicity was not observed. From days 4 to 14 of each 28 day cycle, patients also received 5-fluorocytosine (5-FC) at a 
dose of 100mg/kg/day p.o. divided three times daily. Six cycles of treatment were administered. No significant adverse events 
clearly attributable to TAPET-CD were demonstrated. Two patients had intratumor evidence of bacterial colonization with TAPET- 
CD, which persisted for at least 15 days after initial injection. Conversion of 5-FC to 5-fluorouracil (5-FU) as a result of cytosine 
deaminase expression was demonstrated in these two patients. The tumor to plasma ratio of 5-FU for these two colonized patients 
was 3.0, demonstrating significantly increased levels of 5-FU at the site of TAPET-CD colonization and insignificant systemic spread 
of the bacteria. In contrast, the tumor to plasma ratio of 5-FU of the patient who did not show colonization of TAPET-CD was less 
than 1.0. These results support the principle that a Salmonella bacterium can be utilized as a delivery vehicle of the cytosine 
deaminase gene to malignant tissue and that the delivered gene is functional (i.e. able to convert 5-FC to 5-FU) at doses at or below 
3x10^CFU/m^. 

Cancer Cene Therapy (2003) 10, 737-744. doi:1 0.1 038/sj.cgt.7700634 
Keywords: Salmonella; 5-fluorouracil; cytosine deaminase 



Several preclinical studies have shown that systemically 
administered bacteria will accumulate preferentially in 
the extracellular compartment of tumors. Conditions 
present in tumors such as hypoxia, presence of cellular 
debris from necrosis, high interstitial pressure that impede 
entry of antibodies, or the expression of immunosuppres- 
sive substances probably favor the selective growth of 
bacteria in the tumor microenvironment. Preclinical 
studies involving systemic administration of various 
attenuated and nonattenuated bacteria also indicate that 
bacterial colonization of malignant tissue can be asso- 
ciated with tumor necrosis and growth inhibition. ^"^ In 
the medical literature, spontaneous infection of human 
tumors has been reported. Based on these findings, a 
small number of advanced cancer patients were treated 
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systemically (or by direct tumor injection) with non-toxin- 
producing strains of Clostridia in the 1960s, but this 
approach was abandoned due to excessive toxicity and 
minimal antitumor effect. 

Spontaneous infection of human tumors with Salmo- 
nella species has been well-documented,^"^ ^ and for 
potential systemic administration as a cancer therapeutic. 
Salmonella offer several advantages over other bacterial 
species, including the relative ease of attenuation, 
sensitivity to antibiotics, and ability to grow in both 
hypoxic and well-oxygenated environments. Recently, a 
S. typhimurium species was genetically attenuated by 
deleting both the purl and msbB genes (VNP20009).^'^*^ 
The purl deletion creates a requirement for an external 
source of adenine, thus limiting growth to areas that have 
substantial cell turnover, death, and cellular debris (i.e. 
sites of malignant growth). The deletion of the msbB 
gene, which is required for synthesis of lipid A, was 
engineered to reduce toxicity associated with induction of 
tumor necrosis factor-a (TNF-a).^^ VNP20009 has been 
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administered intravenously to several species with 
minimal to modest reversible toxicity. ^"^'^^ Despite its 
substantial attenuation, VNP20009 effectively colonized 
syngeneic, spontaneous, and human tumors in mice, 
formed high tumor- to-normal tissue ratios (range from 
250:1 to 25,000:1 compared to liver), and inhibited 
tumor growth. 

Recently, a phase I clinical trial involving 25 patients, 
who received intravenous infusion of VNP20009, defined 
a maximum tolerated dose of 3 x lO^CFU/m^.^^ Coloni- 
zation of tumor was detected in three patients however, 
objective tumor regression was not observed. Dose- 
related increases in circulation of interleukin 1 beta, 
tumor necrosis factor alpha, and interleukin 6 appeared to 
be associated with clinical toxicity, that is, hypotension, 
fever, thrombocytopenia, anemia, diarrhea, nausea, and 
vomiting. ■^^'■^^ A second study involved direct intratumor- 
al administration of VNP20009. Approximately 2 weeks 
following the administration of VNP20009, VNP20009 
could be detected in biopsies of most injected lesions, and 
in some necrosis, inflammation, and/or regression was 
observed. The intratumoral administration was associated 
with minimal to modest systemic and local toxicity at 
doses between 3x10^ and 3 x 10^/m^ (unpublished data). 

In an effort to increase the therapeutic effectiveness of 
VNP20009 the cytosine deaminase (CD) gene from E. coli 
was genetically inserted into the chromosome of 
VNP20009 at the AmsbB locus to create the strain 
TAPET-CD}^'^^'^"^ CD is an enzyme found in both 
bacteria and fungi, but not in mammalian cells. It 
converts 5-fluorocytosine (5-FC), an antifungal agent 
with limited systemic toxicity, to 5-fluorouracil (5-FU).^^ 
5-FU is a cytotoxic antimetabolite commonly used to 
treat colorectal, gastric, head and neck, pancreatic, and 
breast cancers. "^^ Clinical data suggest that the antitumor 
activity of 5-FU is directly related to both the duration of 
drug exposure and its concentration in the tumor. 
Administration of T A PET-CD and 5-FC in murine 
tumor models produced selective high 5-FU concentra- 
tions in malignant tissue, which correlated with tumor 
colonization by TAPET-CD?'^ Intra tumor concentration 
of 5-FU following intravenous infusion at optimal doses 
(60mg/kg), associated with anticancer activity, failed to 
achieve similar intratumoral concentration of 5-FU 
compared to intravenous TAPET-CD/S-FC}'*'^'^ TA- 
PET-CD and 5-FC also demonstrated significantly 
enhanced antitumor activity without additional toxicity 
in animal models in comparison to TAPET-CD alone. ^^'"^^ 
Others have also confirmed significant improvement in 
antitumor activity of the encoded CD gene compared to 
the respective parent wild- type bacteria with different 
attenuated bacterial species. 

Based on clinical data generated with the parent 
VNP20009 at doses up to 3 x lO^CFU/m^ and efficacy 
demonstrated in mice with TAPET-CD jS-FC, we initiated 
a pilot trial of intratumoral injection of TAPET-CD 
followed by oral 5-FC in patients with refractory cancer. 
The objectives of this trial were to determine the MTD of 
TAPET-CD in combination with 5-FC; to quantitate 
TAPET-CD colonization in tumor tissue; to determine 



the blood pharmacokinetics of TAPET-CD following 
intratumoral injection; and to determine the blood and 
intratumoral concentrations of 5-FC and 5-FU. Although 
the trial was discontinued for nonmedical issues after 
three patients were accrued, proof of concept was 
demonstrated by the intratumor conversion of 5-FC to 
5-FU. No significant toxicity was observed. 



Methods 

Study population 

Patients were eligible for this study if they had advanced 
and/or metastatic, histologically documented solid tumors 
that were considered sensitive to 5-FU and if their disease 
was no longer responding to available conventional 
modalities or treatment (failed any known standard 
curative or effective therapy for that disease). The specific 
tumor to be injected with TAPET-CD had to be at least 
1.5 cm in diameter, cutaneous or subcutaneous, if in 
lymph nodes easily accessible near the body surface, or on 
a mucosal surface or in soft tissues of the extremities. All 
lesions had to be accessible to surgical incision and 
drainage. Other eligibility criteria included ECOG per- 
formance status of 0 or 1, age > 18 years, life expectancy 
of > 3 months, granulocyte count > 2,000/mm^, platelets 
> 100,000/mm^, serum creatinine <2.0mg/dl, bilirubin, 
and alkaline phosphatases < 1 .5 x the upper limit of 
normal, ALT and AST < 1 .5 x the upper limit of normal, 
hematocrit >30%, maximum daily temperature of 
<38.0°C, and consent for study participation on an 
IRB-approved informed consent form. Women and men 
of reproductive potential were required to use a reliable 
form of contraception. 

Patients were excluded from the study if their lesions 
were in a location that was unable to accommodate 
swelhng or inflammation, in the central nervous system, 
or in the retroperitoneum or mediastinum. Other exclu- 
sion criteria included patients with metastatic lesions that 
would not be treated as part of the protocol and that 
would require palhation with surgery or other modalities 
in <28 days, an artificial implant that could not be easily 
removed, known cardiac valvular disease or arterial 
aneurysms, known clinically significant atherosclerotic 
disease, gallstones or urinary tract stones, an active 
infection of any kind, any known hypocoagulation 
disorder, documented immunodeficiency, evidence of 
chronic active Hepatitis B, active brain metastases, or 
hypersensitivity to quinoline or cephalosporin antibiotics. 
Patients who were currently using antibiotics, or who 
required chronic steroid or immunosuppressive medica- 
tions were also ineligible for the study. Commercial food 
handlers, day-care workers, health-care workers or those 
unable to avoid close personal contact with severely 
immunosuppressed individuals were not allowed to 
participate in the study. This study was approved by the 
local institutional review board and all patient 
participants were required to sign consent before 
participation. 
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Design 

This was an open-label, phase 1, dose-escalation study. 
On day 1, prior to treatment with TAPET-CD, patients 
were administered 500 cm^ of D5W with half-normal 
saline over 2-3 hours to ensure that they were well 
hydrated. At 2 hours before receiving TAPET-CD they 
started a regimen of 650 mg of acetaminophen orally 
every 4 hours and 50 mg of indomethacin every 8 hours 
for 24 hours and then as needed for temperatures >39°C. 
While on indomethacin they also received 50 mg of 
ranitidine IV every 8 hours or 200 //g of cytotec each 
day. Patients received direct intratumoral injections of 
TAPET-CD on day 1 with a total injection volume of 
approximately 10% of the tumor volume. One patient per 
dose level was planned unless a grade 2 toxicity 
attributable to study treatment developed. The first 
patient was treated at a dose level of 3.0 x lO^CFU/m^ 
of TAPET-CD, the second patient at 1 x 10'^CFU/m^ 
and the third patient at 3.0 x lO^CFU/m^. If all toxicities 
of TAPET-CD were resolved to < grade 1 (with the 
exception of transaminases and hematologic abnormal- 
ities, which had to be < grade 2), then on day 4, oral 5-FC 
(lOOmg/kg/day divided thrice daily) was begun and 
continued for 14 days. This cycle was repeated on days 
29 and 58 in eligible patients. Patients were monitored by 
CT scan after every cycle and were eligible to begin the 
next cycle if the injected lesion showed no signs of 
progression and they continued to meet all other 
ehgibility criteria. 

Monitoring of patients 

Chest X-ray, physical examination, complete history, 
performance status, tumor staging, ultrasound of the 
abdomen, blood cultures, urine and stool cultures, vital 
signs, urinalysis, CBC and platelets, PT/PTT, liver 
function tests (LFTs), serum chemistry, pregnancy test, 
HIV test. Hepatitis B surface antigen test, EKG, and 
antibody response were all performed prior to treatment 
with TAPET-CD. 

During, and following, the dose of TAPET-CD, vital 
signs and pulse oxygen saturation were obtained every 1 5 
minutes for 90 minutes, then every 30 minutes x 4, then 
every 2 hours x 4, then every 4 hours through the first 24 
hours or until discharge from the outpatient area (at least 
8 hours after treatment). On days 2 and 4 patients were 
monitored with vital signs, performance status, CBC with 
platelets, serum chemistries, LFTs, urinalysis, blood 
cultures, and urine and stool cultures. Blood samples to 
perform PK analysis of TAPET-CD were drawn on day 1 
and for 5-FC and 5-FU on day 4. Patients returned to the 
outpatient cUnic on days 8 and 15 and the same 
procedures were performed as on day 4, with the 
exception that no urine and stool cultures were taken. 
Tumor samples, to verify TAPET-CD colonization and to 
measure intratumoral 5-FC and 5-FU concentrations 
were obtained on day 8 and, in selected patients, between 
days 15 and 17 to confirm the persistence of high levels of 
bacteria in the tumor and to provide a second measure- 
ment of 5-FC and 5-FU intratumoral concentrations. On 



day 11, CBC and platelets were drawn. On day 18, CBC 
and platelets were also drawn and a blood for PK 
evaluation for 5-FC and 5-FU was performed. 

The NCI Common Toxicity Criteria were used to grade 
toxicity. The dose-limiting toxicities for TAPET-CD were 
defined as follows: > grade 3 toxicity, hypotension 
requiring any vasopressor support, > grade 2 allergic 
toxicity, grade 2 fever for more than 6 hours per day that 
persisted for > 1 week and grade 2 constitutional 
symptoms which persisted greater than 1 week or were 
poorly controlled with supportive medication. Any 
inflammation induced in the brain, anterior chamber of 
the eye, or joints or grade 2 toxicities involving the central 
nervous system, cardiac, pulmonary, and renal function 
not resolving within 48 hours were also considered dose- 
limiting toxicities. 



TAPET-CD 

The CD gene was cloned from E. coli by PCR using 
primers based on the complete sequence for the E. coli 
cytosine deaminase^': forward: 5'-GAT CAT GCA TGT 
GGA GGC TAA CAG T-3' and reverse 5'-CTA GAT 
GCA TCA GAC AGC CGC TGC GAA GGC-3'. The 
CD gene was further subcloned into the vector pTrc99a 
(Pharmacia -Upjohn) and sequenced to verify. A vector 
capable of undergoing homologous recombination with 
the AmsbB gene in the chromosome of strain VNP20009*^ 
was created in the suicide vector pCVD442^^ to create 
pCWr>442-msbB. A DNA fragment from the pTrc99a-CD 
vector above was generated by partial digestion with Sspl 
and subcloned into the vector pCVD442-msbB to create 
pCVD442-CD, The CD gene was than transduced and 
integrated into the chromosome of VNP20009 by the 
method of Donnenberg and Kaper,^^ to create the strain 
TAPET-CD. A Research Cell Bank (RCB) and Master 
Cell Bank (MCB) were created and the location and 
sequence of the inserted CD gene at the AmsbB locus was 
confirmed in the MCB by sequence analysis. The clinical 
lot of TAPET-CD material was produced under GMP 
conditions by Cambrex Bioscience (formerly Marathon 
Pharmaceuticals, Hopkinton, MA). 



Quantitation o/* TAPET-CD accumulation and 
5-FC/5-FU conversion in tissues 

Tumor tissue was excised under sterile conditions and 
homogenized in PBS. Bacteria were quantitated by 
plating serial dilutions of the homogenates onto rich 
media, incubating overnight at 37°C, and counting 
bacterial colonies. A single colony arising from a single 
plated bacteria which was visibly detected in the culture 
media was considered a positive colony. The conversion 
of 5-FC to 5-FU in tissue was determined by high- 
performance liquid chromatography (HPLC) analysis 
based on the maximum absorbance of 5-FU at 266 nm 
and 5-FC at 280 nm (Phenomenex Prodigy ODS (3) 
column). The detection limits for 5-FC and 5-FU were 0.5 
and 0.2/ig/g respectively. 
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Preparation and administration o/^TA PET-CD 

TAPET-CD was stored at -80°C in 15% glycerol. Each 
vial contained 1.2 ml of TAPET-CD bacteria at approxi- 
mately 3 X lO^CFU/ml. Vials of TAPET-CD were thawed 
at room temperature for 1 5-20 minutes. The stock 
TAPET-CD was serially diluted into sterile normal 
preservative free saline and the appropriate volume of 
diluted TAPET'CD was divided equally between two and 
four injections and delivered using a 23-27 gauge needle. 
Prior to injection, negative pressure was created to avoid 
injection into the circulation. Each syringe was used to 
make a separate skin puncture, at approximately 60-80% 
of the distance from the tumor center out to the tumor 
periphery. The skin punctures were evenly distributed 
around the perimeter of the tumor and over its surface. 
With each skin puncture, six to eight needle tracks were 
made emanating out radially from the puncture site and 
the bacteria was distributed uniformly along the needle 
track by gradually depressing the syringe plunger during 
withdrawals of the needle. Most of the bacterial dose was 
delivered to the tumor periphery at the interface of the 
tumor and normal tissue. 

Results 

Patient population 

Three patients received injections of TAPET-CD from 
\ 129 102 to 5/16/02 in the Mary Crowley Medical Research 
Center, Dallas, Texas. A fourth patient signed consent but 
withdrew during screening and did not receive treatment. 
Results are reported on the three patients who received 



treatment. Demographics of these three patients are listed 
in Table 1. Dosing of TAPET-CD is listed in Table 2. 

Adverse events 

Toxicity felt to be related to TAPET-CD is listed in 
Table 3. One grade 3 toxicity was observed in patient 001, 
4 days after initiation of cycle 3. She developed symptoms 
consistent with either esophageal spasm or coronary 
vessel spasm. Transient S-T segment EKG changes in 
association with chest pain were observed during a follow- 
up clinic visit. Pain and EKG changes were relieved with 
sublingual nitroglycerin and the patient was admitted for 
observation and further work^up. Cardiac enzymes were 
not elevated, and no evidence of obstruction by coronary 
catheterization was observed, no arrhythmias were 
observed during cardiac monitoring. The patient was 
released without further treatment and no recurrent 
events have occurred following release. Other AEs, 
defined in Table 3, were likely related to reactivity to 
colonization of bacteria (i.e. fever and fatigue). 

TAPET-CD tissue colonization and blood levels 

Tissue colonization for each patient is shown in Table 4. 
Patients 001 and 003 demonstrated colonization of 
TAPET-CD within tumor tissue. Colonization was seen 
in both course 1 and course 2 in patient 001. In both 
patients, tissue colonization persisted in tumor tissue for 
at least 15 days. The tumor tissue from patient 001 was 
contaminated with oral flora (note that this was a tumor 
of the oral cavity), requiring TAPET-CD to be isolated 
using selective media. The use of selective media is known 
to reduce the recovery of TAPET-CD organisms; 



Table 1 Demographics 



Patient Sex Patient age ECOG Site of disease to be injected Histologic tumor type/primary Prior treatment 
number (years) 



001 
002 

003 



F 89 
M 54 



M 



50 



Hard palate 
(4.6 cm X 4.6 cm) 
Left anterior neck 
(2.2 cm X 1.6 cm) 

Right scapula 
(3.0cm X 3.5cm) 



Squamous cell 
(verrucous)/head and neck 
Adenocarcinoma/ 
esophagus 

Adenocarcinoma/ 
esophagus 



Surgery, radiotherapy 

5-FU, taxol, if osf amide, 
cisplatin, CPT-11, xeloda, 
radiotherapy 
Esophagiogastrectomy, 
cisplatin, 5-FU, carboplatin, 
radiotherapy 



Table 2 Summary of treatment 



TAPET-CD 5-FC 



Patient Dose level Dose No. of Injections Dose No. of days dosed 

number (CFU/m^) (CFU/inj) (per cycle) (mg/kg/day) (per cycle) 



001 3.0x10® 4.62x10® 12 (4, 4. & 4) 100 32 (14, 14, & 4) 

002 1.0x 10^ 3.80x10^ 4 (2 & 2) 100 28 (14 & 14) 

003 3.0 X 1 0'' 5.04 x 1 0^ 4 (4) 1 00 14 (1 4) 
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Table 3 Adverse events (Grade 2 and Higher) 



Related to 



Patient nunnber Adverse event 




Grade 


study drug 


001 


Coronary vasospasm (SAE) 


3 


Possibly 




Tumor necrosis 




2 


Probably 




Weakness 




2 


Possibly 




Insomnia 




2 


Possibly 


002 


Fever 




2 


Probably 


003 


Pain 




3 


Probably 


1 aQlc ** 


Tissue colonization of TAPET-CD 






Patient 


Course 


Day 




CFU/g 


001^ 


1 


8 




3.4 X 10^ 






15 




84 




2 


8 




1.4 X 10^ 






15 




850 


002 


1 


8 




67 






15 




Neg 




2 


8 




Neg 






15 




Neg 


003 


1 


8 




2.6x10® 






15 




2.6 X 10^ 



Neg=^Negative, no detectable viable bacteria in tissue. 
^Patient 001 tissues samples from mouth, highly contaminated with 
multiple flora. TAPET-CD identified by selective media causing 
significant reduction in recovery. 



however, even under these conditions significant levels of 
TAPET-CD could be isolated from the tumor tissue of 
patient 001. 

The concentration of TAPET-CD in the blood was also 
monitored after injection. At early time points (30 
minutes to 1 hour postinjection) the blood levels were 
detectable but below the level of accurate quantitation 
(mean values ranged from 1.8 to 3.0CFU/ml). All later 
time points TAPET-CD values were below detection 
levels. The pattern of distribution of TAPET-CD 
throughout the tumor tissue was not assessed. 



5-FC and 5-FU tissue and plasma levels 

Plasma levels of 5-FC and 5-FU are provided in Table 5. 
Steady-state concentration (Css) in plasma of 5-FC was 
achieved by day 8 and ranged from 923 to 1231 /zM. The 
level of 5-FU in plasma also reached steady-state 
condition by day 8, and ranged from 0.39 to 0.62 ^M. 

A summary of tissue levels of 5-FC and 5-FU are 
shown in Table 6 for each patient. The concentration of 
5-FU in tumor tissue from patients 001 and 003 was more 
than 5 times greater than the concentration of 5-FU in the 
tumor of patient 002, who did not show evidence of tumor 



Table 5 Plasma levels of 5-FC and 5-FU 



Protocol time 



Patient Course Day 


nnint ^hourfi^ 


5-FC (wM) 


5-FU (/zM) 


001 1 4 


Pre 


ND 


InU 




1 


49.6 


0.041 




2 


185,1 


U.1 




4 


312.1 






8 


341 .3 


f\ i "7Q 
U. 1 /o 


8 


Baseline 


941.6 


A /I i C 




1 


926.6 






o 

£. 


998.7 


U.DOO 




A 

4 


1 loU.o 






8 


843.6 


U.0 14 


15 


1 


1223.5 


0.869 


2 4 


Pre 


ND 


ND 




1 


9.8 


0.009 




2 


266.3 


0.192 




4 


469.8 


0.418 




8 


333.2 


0.242 


8 


Baseline 


1056.9 


0.534 




1 


940.7 


0.618 




2 


1071,8 


0.385 




4 


1 170.4 


0.588 




8 


853.5 


0.408 


15 


1 


1 134.3 


0.577 


002 1 4 


Pre 


ND 


ND 




1 


1 1 1 .5 


0.175 




2 


189.2 


0.230 




4 


396.2 


0.473 




8 


208.5 


0.266 


8 


Baseline 


348.5 


0.431 




1 


321 .5 


0.406 




2 


282.3 


0.265 




4 


537.7 


0.520 




8 


351 .5 


0.468 


15 


1 


400.8 


0.211 


2 4 


Pre 


ND 


ND 




1 


150.0 


0.203 




2 


159.2 


0.182 




4 


259.2 


0.343 




8 


273.8 


0.292 


8 


Baseline 


305.8 


0.239 




1 


376.9 


0.295 




2 


474.6 


0.328 




4 


433.8 


0.490 




8 


372.3 


0.233 


15 


1 


503.1 


0.347 


003 1 8 


1 


355.4 


0.378 




2 


375.0 


0.347 




4 


280.8 


0.386 




8 


153.8 


0.223 


15 


1 


296.7 


0.372 



ND=not detected. 



colonization (Table 4). The tumor to plasma ratio for 
5-FC of each patient was approximately 0.6, as would be 
expected for small molecule drugs (Table 7). The tumor to 
plasma ratio of 5-FU for patients 001 and 003, both of 
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whom had high levels of tumor colonization (Table 4), 
was approximately 3.0. The tumor to plasma ratio of 5- 
FU for patient 002 who did not show colonization of 
TAPET-CD bacterium was not different from that 
observed with 5-FC. Tumor to plasma ratios are 
compared graphically in Figure 1. 

Response 

Patient 001 was removed from trial during cycle 3 with 
stable disease due to the grade 3 toxic event previously 
described. Necrosis of the patient's fungating oral cavity 
mass was observed during the first week following each 
injection; however, despite external evidence of regression 
and improved subjective air movement with the patient's 
oral cavity, radiologic assessment of the overall tumor 
mass did not identify objective tumor regression. Patient 
002 was removed after 2 cycles due to progressive disease 
of noninjected disease sites. The injected site achieved a 
stable disease response. Patient 003 was removed after 
completing one cycle due to progressive disease of 
noninjected disease sites. The injected site achieved a 
stable disease response. Patient 001 is still alive at 327 
days and patient 002 is still alive at 208 days following 
treatment. Patient 003 passed away of progressive disease 
from noninjected sites 117 days after treatment. 



Table 6 Tissue levels of 5-FC and 5-FU 



Patient 


Course 


Day 


5-FC (/iM) 


5-FU ifihA) 


001 


1 


8 


418.5 


1.064 






15 


558.3 


1.117 




2 


8 


654.3 


3.072 






15 


868.8 


1.403 


002 


1 


8 


270.9 


0.200 






15 


195.2 


<0.215 




2 


8 


233.1 


0.183 






15 


316.4 


<0.315 


003 




8 


209.6 


0.885 






15 


212.2 


0.367 



Discussion 

Results observed in this small pilot trial involving three 
refractory cancer patients confirm data from preclinical 
studies that demonstrate selective colonization of TA- 
PET-CD in malignant tissue following intratumoral 
injection. Moreover, conversion of 5-FC to 5-FU was 
clearly demonstrated in both of the patients with 
intratumor colonization, indicating that TAPET-CD 
produced functional levels of the cytosine deaminase 
enzyme within the tumor. The length of the duration in 
which TAPET-CD could be detected in the two patients 
demonstrating initial colonization was 15 days. We did 
not measure for the presence of TAPET-CD beyond 15 
days. Potential colonization of surrounding normal tissue 
was also not evaluated. However, overall treatment with 
both the TAPET-CD and 5-FC was well tolerated. The 
clinical response of the three patients treated in this trial 
was not impressive, although the first patient, who 
demonstrated the highest concentration of 5-FU within 
malignant tissue, did maintain stable disease for more 
than 3 months and is still alive more than 1 year later. 

The trial was discontinued prematurely, and a max- 
imum tolerable dose (MTD) was not reached for either 
the TAPET-CD or the 5-FC. The maximum dose of 
TAPET-CD administered was 3 x lO'^CFU/m^, which is 
below a likely MTD with intratumoral injection. Previous 
clinical trials with VNP20009 revealed that the MTD via 
intravenous infusion was 3x10^ CFU/m^, and doses of at 
least this magnitude were administered in the intratumor- 
al study. Higher levels of colonization and greater 
production of the CD enzyme within tumors could be 
expected with higher TAPET-CD doses. In combination 
with higher doses of 5-FC, increased colonization of 
tumor could result in much higher intratumoral 5-FU 
levels and thus greater antitumor efficacy. Nevertheless, 
even at the sub-MTD doses administered in this trial, 
cytotoxic levels of 5-FU were achieved within the 
colonized tumors. 

The current study demonstrated the important proof of 
concept that bacteria could produce clinically relevant 
concentrations of functional CD enzyme within tumor. 
Based on studies conducted with the parent VNP20009, it 
would appear that YNP20009 and TAPET-CD do not 



Table 7 Mean steady-state concentration of 5-FC and 5-FU in plasnna and tissue (Days 8-15) 



5-FC 5-FU 



Patient 


Course 


Plasnna {fxhA) 


Tissue (/iM) 


Ratio (tissue/plasma) 


Plasnna (/^M) 


Tissue (;iM) 


Ratio (tissue to plasma) 


001 


1 


1014.2 


488.4 


0.48 


0.58 


1.09 


1.89 




2 


1037.9 


761.2 


0.73 


0.52 


2.24 


4.32 


002 


1 


373.7 


233.0 


0.62 


0.38 


0.2 


0.52 




2 


411.1 


242.8 


0.59 


0.32 


0.2 


0,62 


003 


1 


292.4 


210.9 


0.72 


0.34 


0.63 


1.83 
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Figure 1 Tissue to plasnna ratio's at steady state of 5-FC and 5-FU 
are compared for each study patient. Biopsy material revealed no 
evidence of colonization in patient 002, whereas evidence of TAPET- 
CD intratumor colonization of patients 001 and 003 was observed. 



colonize human tumors to the same degree as observed in 
murine models. Although the difference in colonization is 
most notable following i.v. administration, it is clear that 
colonization by the intratumoral route could also be 
improved. Second-generation vectors with improved 
characteristics for colonization of tumors in patients are 
under development. 

Although ideal development of such bacterial vectors is 
preferably through intravenous administration, direct 
tumor injection can be beneficial in various clinical 
settings. For example, a supra-additive interaction be- 
tween radiation therapy and msbB~ auxotrophic (purl) 
Salmonella has already been shown in the Cloudman S9 1 
xenograft-"'^ Supplementation with target selective pro- 
duction of the radiosensitizer, 5-FU, is expected to further 
enhance this interaction.^ ^'^^ Insofar as attenuated Sal- 
monella colonizes tumor extracellular compartments 
rather than tumor cell cytoplasm, use of this vector 
may resolve the problem of preferential "suicide" 
transduced-cell cytotoxicity (as compared to bystander 
cells) decreasing bystander effect and, consequently, 
antitumor efficacy. ^ In addition, the possibiUty of 
a CD/5-FC-induced immune mechanism mediating a 
systemic cytotoxic effect has been postulated but not 
fully delineated.^'*'^^ It is unknown to what degree each 
individual activity with respect to the peak concentration 
of intratumor 5-FU, the prolonged intratumor presence 
of 5-FU, or the oncolytic activity of the delivery vehicle 
will play in determining overall antitumor effect. 

Alternative biologic approaches utilizing replicating 
infectious organisms such as tumor-selective viral parti- 
cles are also being explored as possible delivery vehicles 
for the cytosine deaminase gene.^^^^ Others have also 
shown 5-FC conversion to 5-FU in patients receiving 
cytosine deaminase gene delivered via nonreplicating 
adenoviral vectors. These preliminary results support 
future investigation of TAPET-CD at higher doses via 
intratumoral injection. However, since local regional 
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therapeutics have hmited utility in oncology a second- 
generation Salmonella vector expressing CD is under- 
going preclinical development for potential intravenous 
injection. 
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